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ARTICLE INFO ABSTRACT
Keywords: Urban decarbonization is essential for meeting global climate goals; however, progress toward integrated low-
Urban decarbonization carbon urban energy systems remains inadequately slow. The SolarEV City Concept integrates rooftop photo-

Rooftop photovoltaics

Electric vehicles

SolarEV City

Bidirectional charging
Socio-techno-economic transitions

voltaic (PV) generation with electric vehicles (EVs) as city-scale distributed mobile energy storage, using EV
batteries to increase the value and flexibility of urban rooftop PV. Modeling studies suggest that high-penetration
PV+EV systems could supply 60-95% of municipal electricity demand under scenarios aligned with future
sustainable-city development, but real-world integration remains limited. Despite rapid worldwide growth of
both PV and EV markets, bidirectional Vehicle-to-Home/Building (V2H/V2B) and Vehicle-to-Grid (V2G) appli-
cations have advanced unevenly, revealing a persistent PV-EV integration gap. This critical integrative review
analyzes this gap using a socio-techno-economic framework encompassing six interdependent dimensions:
climate, urban structure, technology, economics, policy, and society, across nine countries: Australia, China,
France, India, Indonesia, Japan, the Netherlands, South Korea, and the United States. Cross-national comparison
shows that implementation is constrained by fragmented bidirectional-charging standards, immature value-
stacking and compensation models, distribution-grid and market-access constraints, regulatory separation be-
tween energy and transport sectors, and equity barriers that disproportionately limit access for renters, apart-
ment residents, and lower-income households. Five transition-pathway archetypes, ranging from Japan’s
resilience-driven V2H pathway to regulation-enabled commercial V2G pathways in France and the
Netherlands, demonstrate that SolarEV Cities require a transition from parallel PV and EV promotion toward
shared urban-energy visions, interoperable digital infrastructure, feeder-aware planning, inclusive market de-
signs, and multi-stakeholder implementation platforms that convert rapid PV and EV innovation into scalable,
resilient, and socially inclusive urban decarbonization.

1. Introduction

Anthropogenic climate change necessitates an urgent global
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Nomenclature

Abbreviations

BESS Battery energy storage system
BIPV Building-integrated photovoltaics
CCS Combined Charging System

DER Distributed energy resource

DSO Distribution System Operator

EV Electric vehicle

EVSE Electric vehicle supply equipment

FIT Feed-in tariff

GIS Geographic information system

HVAC  Heating, ventilation, and air conditioning
LFP Lithium iron phosphate

LiRE Least Invasive Renewable Energy

MLP Multi-level perspective

NACS North American Charging Standard

P2P Peer-to-peer

PV Photovoltaic

PVCF Photovoltaic capacity factor

SAM System Advisor Model

SSR Self-sufficiency rate

TOU Time-of-use

V1G Managed unidirectional vehicle charging

V2B Vehicle-to-building
V2G Vehicle-to-grid

V2H Vehicle-to-home

Va2Xx Vehicle-to-everything
VPP Virtual power plant

transition away from fossil fuels [1]. Given that urban areas account for
67-72% of global energy-related CO, emissions, urban decarbonization
is critical to achieving international climate targets, including those
under the Paris Agreement [2]. Beyond climate mitigation, decarbon-
izing coupled urban energy-transportation systems yields substantial
co-benefits, including improved air quality, reduced noise pollution, and
enhanced public health, thereby supporting more sustainable, livable,
and equitable urban development [3]. Despite this urgency, effective,
scalable, and equitable pathways to deep urban decarbonization remain
limited worldwide. Two emerging trends could accelerate urban carbon
neutrality: the proliferation of distributed solar power generation,
particularly rooftop photovoltaics (PV) [4], and the electrification of
transportation via electric vehicles (EVs) [5,6]. PV technology has
emerged as one of the most cost-effective and rapidly scalable sources of
new electricity generation globally.

According to IEA PVPS, global PV installations reached ~700 GW,
bringing cumulative capacity to ~3.0 TW in 2025 [7]. Although PV
supplied ~10% of global electricity in 2025, its intermittency limits
dispatchability and requires energy storage solutions for reliable grid
operation and deep decarbonization [4,7,8]. “Rooftop PV” systems (i.e.,
distributed systems), constituting a significant portion of global PV ca-
pacity (~41%; IEA PVPS (2026)), are particularly well-suited for urban
environments [9]. They leverage existing building stock, minimize
land-use conflicts associated with ground-mounted systems, and reduce
transmission and distribution losses by co-locating generation with de-
mand. As the Least Invasive Renewable Energy (LiRE) option, they can
enhance energy autonomy, while preserving natural ecosystems
[10-14]. Studies indicate that maximizing the technical potential of
rooftop PV could significantly contribute to, or even meet, national
electricity demands [15,16]. Recent debate, however, highlights un-
certainties and emphasizes that national-scale estimates remain sensi-
tive to methodological assumptions [17].

Concurrently, global EV sales surpassed 20 million units in 2025
(26% market share of passenger vehicles; battery electric and plug-in
hybrid electric vehicles) [18]; however, growth slowed in the United
States and Europe during 2023-2026 owing to reduced subsidies [19].
BloombergNEF’s Economic Transition Scenario projects that EVs could
account for ~70% of new vehicle sales by 2040 [20]. Realizing the full
decarbonization potential of EVs requires clean electricity and their
systematic integration as flexible energy system assets [21]. Bidirec-
tional charging technologies, collectively termed Vehicle-to-Everything
(V2X), including Vehicle-to-Home (V2H), Vehicle-to-Building (V2B),
and Vehicle-to-Grid (V2G), enable EVs to function as mobile energy
storage units, capable of providing valuable grid services such as de-
mand response, frequency regulation, and reserve capacity [22-25].
Despite this potential, V2X deployment remains limited, with notable
exceptions such as V2H for resilience in Japan [26].

Research on “solar cities” positions urban rooftops as resources for
distributed energy generation. Byrne et al. reviewed rooftop solar
assessment methods and demonstrated their application to Seoul,
establishing a methodological basis for evaluating city-scale PV poten-
tial [27]. They subsequently examined solar city development strategies,
emphasizing coordinated investment at the infrastructure scale [28].
Taminiau et al. integrated rooftop PV and energy efficiency into urban
energy planning [29], while O’Shaughnessy et al. highlighted municipal
support, partnerships, and trust as enablers of solar access for
lower-income households [30]. These studies establish technical,
financial, planning, and social foundations for urban solar deployment.
Extending this approach to electrified mobility creates opportunities to
use EV batteries to align variable rooftop PV generation with urban
electricity demand.

The “SolarEV City Concept” extends this solar city approach by
coupling rooftop PV with EV batteries for deep urban decarbonization
[31]. It envisions urban energy systems, in which extensive rooftop PV
generation is coordinated with large fleets of EVs acting as distributed
battery storage, thereby creating a more resilient, efficient,
cost-effective, and largely self-sufficient urban energy infrastructure
[14]. City-scale modeling indicates that optimizing the integration of
rooftop PV (e.g., 70% rooftop area utilization) with EVs as batteries
could meet 60-95% of municipal electricity demand, compared with
30-40% for PV alone in Japan [15]. Case studies across diverse urban
contexts also project substantial CO: emission reductions and
energy-cost savings [14,15,32-35]. However, SolarEV City performance
is highly sensitive to local climate, rooftop availability, building density,
electricity-demand profiles, vehicle ownership, parking patterns,
distribution-grid capacity, and policy environments [36]. The Concept
therefore cannot be assessed solely as a technology package; it must be
analyzed as an urban socio-techno-economic system.

This review addresses a critical structural disconnect in urban energy
transitions: despite the rapid growth of PV and EV markets and the
demonstrated potential of their integration, systemic integration re-
mains slow and fragmented. Here, the integration gap comprises two
related but distinct layers. Technical integration refers to end-to-end
compatibility among vehicles, bidirectional chargers, communication
protocols, building-energy systems, and grid-interconnection equip-
ment. Operational integration refers to the ability of compatible assets to
be aggregated, dispatched, metered, settled, and compensated, and to
participate routinely in electricity and flexibility markets. Systemic
integration requires both layers to align with wider economic, policy,
and social conditions. Previous reviews have generally examined
rooftop PV, EV adoption, charging systems, or V2G technologies as
separate technical or sectoral topics [26,37-39].

In contrast, this review treats PV-EV integration as an urban socio-
techno-economic transition problem rather than as a set of
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independent technologies. Its contribution is threefold: it (1) integrates
climate, urban structure, technology, economics, policy, and society
within a single analytical framework; (2) combines techno-economic
evidence with an issue-based comparison of nine national pathways;
and (3) identifies recurring interface failures, context-dependent tran-
sition-pathway archetypes, and implementation requirements for inte-
grated SolarEV Cities. Covering Australia, China, France, India,
Indonesia, Japan, the Netherlands, South Korea, and the United States,
the review clarifies the conditions under which rooftop PV, EVs, and
bidirectional charging can be coordinated into scalable, resilient, and
socially inclusive urban energy systems. Specifically, this study seeks to
answer the following research questions:

e What climatic, urban, technological, economic, social, and policy
conditions enable the systemic integration of rooftop PV with EVs in
urban contexts, and where do critical misalignments persist across
domains?

e Beyond greenhouse gas emission reductions, how can the SolarEV
City model reconfigure urban energy governance, resilience, energy
democracy, and social equity?

e What path-dependent and context-specific barriers inhibit the
scaling of integrated SolarEV City systems, and what transition-
pathway archetypes are emerging across the selected countries?

e What research priorities and policy directions can accelerate the
transition toward SolarEV Cities?

To address these questions, Section 2 introduces the SolarEV City
Concept, review approach, and socio-techno-economic framework.
Section 3 examines the climatic, urban, technological, economic, policy,
and social factors shaping PV-EV integration. Section 4 compares nine
national pathways and identifies transition-pathway archetypes. Section
5 discusses transition implications, staged implementation, and inter-
national coordination, and Section 6 concludes the review.

2. Conceptual and analytical framework
2.1. SolarEV City Concept

Advances in PV and battery technologies have rapidly reshaped the
global energy landscape [6], while PV generation costs have fallen
rapidly since the mid-2010s [40]. The “SolarEV City Concept” proposes
maximizing rooftop PV deployment and integrating it with EVs as
distributed mobile batteries at the city scale (Fig. 1) [31]. Rooftop PV

Advances in Applied Energy 24 (2026) 100314

and EVs are highly complementary: variable PV generation requires
flexible storage, while EVs provide substantial storage capacity at
limited additional cost [41]. Both technologies are located on or near
urban buildings, where energy demand is concentrated. This co-location
enables local electricity consumption, reducing losses and grid infra-
structure requirements (Fig. 1) [14]. Rooftop PV uses existing building
surfaces without requiring additional land, making it the Least Invasive
Renewable Energy (LiRE) option [14]. SolarEV Cities offer substantial
co-benefits, including improved air quality [42], reduced noise [43],
and greater energy independence and resilience [44]. They can also
create local employment [45] and increase economic circulation in cities
[46]. By expanding access to low-cost PV electricity competitive with
retail electricity tariffs, SolarEV Cities may accelerate electrification
through both economic and environmental incentives [47]. Although
small rooftop systems have higher installation costs per kW, they should
be benchmarked against retail electricity tariffs rather than large-scale
PV costs.

2.2. Review approach

This study adopts a critical integrative review approach to synthesize
a heterogeneous and interdisciplinary evidence base while moving
beyond description toward critical evaluation, conceptual integration,
and the identification of research gaps [48,49]. The review was orga-
nized around six analytical dimensions, climate, urban structure, tech-
nology, economics, policy, and society, and nine countries.
Topic-specific searches addressed rooftop-PV potential, EV adoption,
smart and bidirectional charging, distribution-grid integration, business
models, regulation, governance, social acceptance, and energy justice.
This issue-based structure enabled technical, economic, institutional,
and social evidence to be examined within a common analytical
framework.

Peer-reviewed studies formed the primary evidence base. They were
supplemented by government, regulatory, standards-body, industry,
and institutional publications when academic literature did not
adequately cover recent or jurisdiction-specific information on policies,
charging standards, markets, and demonstration projects. Evidence was
synthesized narratively and comparatively across dimensions and
countries, with attention to commonalities, contradictions, contextual
differences, and interfaces among technologies, grids, markets, in-
stitutions, and users. The synthesis identified recurring integration
barriers, path-dependent national trajectories, emerging SolarEV City
transition-pathway archetypes, and practical implementation

Fig. 1. Conceptual illustration of a SolarEV City. Rooftop PV and EV batteries meet urban electricity demand through coordinated charging, discharging, and local
energy exchange. The two arrows represent electricity flows from surrounding suburban areas to urban demand centers through aggregated rooftop PV and EV

resources operating as virtual power plants (VPPs).
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requirements.

2.3. Socio-techno-economic framework

The transition toward SolarEV Cities requires the reconfiguration of
electricity, mobility, buildings, digital control, markets, and urban
governance [31,50-53]. Explaining the contrast between the rapid in-
dividual deployment of PV and EVs and their slow systemic integration
requires a holistic approach that goes beyond isolated assessments [54].
Therefore, this review employs a socio-techno-economic system
perspective, based on six interdependent dimensions: “climate”, “urban
structure”, “technology”, “economics”, “policy”, and “society” (Table 1
and Fig. 2). The multi-level perspective (MLP) is then used to analyze
socio-technical transitions as arising from interactions among three
levels: the socio-techno-economic regime, niche innovation, and exog-
enous landscape pressures [55].

Fig. 2 illustrates a four-phase progression from fragmented PV and
EV deployment toward systemic city-wide integration shaped by
evolving barriers, enabling mechanisms, and socio-techno-economic
coordination. Because rooftop PV and EVs have historically developed
through different markets, infrastructures, and policy instruments, early
adoption often occurs separately, with limited incentives for households
or firms to purchase and operate them as an integrated system. In Phase
1, rooftop PV diffuses as a distributed-generation niche, often supported
by feed-in tariffs (FITs), subsidies, or net metering, while EV adoption
remains limited. In Phase 2, EV diffusion accelerates as battery costs
decline, vehicle models diversify, and charging infrastructure expands
[5].

Compared with PV, EVs are less dependent on site-specific building
infrastructure, allowing them to diffuse more rapidly. In Phase 3, higher
rooftop-PV and EV penetration creates sufficient distributed capacity for
smart charging, V2H, VPP aggregation, and emerging flexibility mar-
kets. Finally, Phase 4 represents systemic SolarEV City integration, in
which buildings, vehicles, neighborhoods, suburbs, and urban demand
centers are coordinated through digital control, local energy exchange,
VPPs, and distribution-grid management. This integration proceeds
from the bottom up, from household optimization to district, city, and
intercity coordination. P2P trading supports district-scale exchange and
value allocation, while VPPs and distribution-grid management enable
coordination at broader spatial scales. Because each technology has its
own diffusion dynamics, PV-EV integration is initially limited and

Table 1

Analytical framework for assessing SolarEV City development. The framework
comprises six interrelated dimensions, climate, urban structure, technology,
economics, society, and policy, that collectively influence the feasibility, scal-
ability, and equity of rooftop PV and EV integration. These dimensions are used
throughout the review to identify opportunities, barriers, and development
pathways toward SolarEV Cities.

Dimension Key factors

Climate Solar resource availability, heating and cooling demand, seasonal

variability, temporal demand-supply matching

Urban Building-use composition, rooftop availability, urban-rural

Structure gradients, core-suburban spatial structure, population, demand

density, parking access

Rooftop PV, EVs as mobile storage, V1G/V2H/V2B/V2G operation,

interoperability, charging standards and protocols, smart grid

Value creation mechanisms, emerging business models, including

vehicle-to-grid (V2G), VPP, peer-to-peer (P2P) electricity trading,

high upfront investments but low maintenance costs, technology

learning, cost decline, techno-economic analysis, actor-specific

cost-benefit allocation

Energy justice, social acceptance, behavioral barriers, stakeholder

participation, mobility needs, privacy, demand response

Policy Governance structure, regulatory frameworks, renewable energy
and EV mandates, market incentives including feed-in tariffs,
interconnection rules, electricity-market access, tariffs, building
codes, and flexibility procurement

Technology

Economics

Society

Advances in Applied Energy 24 (2026) 100314

develops differently across regions. Moving from one phase to the next
requires threshold levels of technology adoption, interoperability,
business-model maturity, regulatory support, and stakeholder
coordination.

3. Socio-techno-economic factors for PV-EV integration
3.1. Urban form

The performance of PV+EV systems varies with urban characteris-
tics, including location, density, and building usage types due to varia-
tions in use, which affect PV generation and space heating and cooling
demand (Table 2). Therefore, urbanization strongly influences the per-
formance of the PV+EV system within a city. The level of urbanization
can be characterized by the rooftop area per capita and the number of
vehicles per capita. Highly urbanized and populated regions in Japan
typically exhibit less rooftop area per capita and fewer vehicles per
capita, with the reverse pattern in less urbanized regions [15]. Energy
demand also tends to increase with urbanization; consequently, large,
highly urbanized areas generally have PV+EV self-sufficiency lower
than suburban or rural municipalities [15].

In contrast, rural cities can more effectively utilize rooftop PV+EV
systems because larger roof areas and greater vehicle ownership provide
more generation and storage capacity. Highly urbanized cities such as
Tokyo, Seoul, and Paris, which have high energy demands, generally
benefit less from PV+EV systems than smaller cities; however, they still
achieve self-sufficiency levels of 53% [31], 33% [35], and 31% [36]
with PV+EV systems, respectively. By contrast, rural cities such as
Okayama City, Japan (with a population of ~0.7 million), achieve
self-sufficiency (i.e., the share of total electricity demand supplied by
rooftop PV, directly or through EV batteries) of 95% and energy suffi-
ciency (i.e., the ratio of annual rooftop-PV generation to total annual
electricity demand) of 169% [31]. These results indicate that energy
sharing between and within cities is critical to the efficient deployment
and use of PV+EV systems across broader regions.

Urban structure strongly shapes the performance of PV+EV systems.
Generally, energy demand density (kWh-m™2), building density, and
population density decrease from the city center toward the peripheral
areas [56]. Consequently, rooftop PV systems in the city center generate
limited electricity and little surplus electricity, resulting in high
self-consumption and low self-sufficiency. In contrast, suburban areas
are characterized by low energy demand density, larger rooftop areas,
and more home-parked EVs, resulting in low self-consumption and high
self-sufficiency. Therefore, suburban areas have the potential to serve as
VPPs, supplying electricity to the city center (Fig. 1) [56].

The Paris region in France exhibits similar characteristics: inte-
grating the urban core with surrounding suburbs substantially increases
self-sufficiency from 31% to 48% [36]. This core-suburban comple-
mentarity is central to the SolarEV City Concept because it shows that
the relevant planning unit is not always the individual building, but the
neighborhood, feeder, municipality, or wider metropolitan region. For
high-density areas, the apartment complex, shared parking facility,
mobility hub, or district should therefore serve as the deployment unit.
Community solar expands access to PV ownership or credits but does not
itself enable V2G; this requires a contractual and digital link to bidi-
rectional shared charging and an aggregator that coordinates EV
charging and export with PV output and grid needs. Similarly, curbside
charging becomes V2G-capable only with bidirectional hardware,
export metering, aggregator control, mobility guarantees, and partici-
pant compensation.

Building uses (e.g., shops, restaurants, offices, schools, hospitals,
residences, and factories) also differ in energy-demand profiles, EV-
parking availability, and physical form. Cities tend to exhibit distinct
urban structures because of variations in land prices and accessibility
requirements. Together with PV-generation patterns, these differences
cause PV+EV performance to vary among building types [35]. In Seoul,
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Fig. 2. Conceptual framework for the stepwise socio-technical transition of urban energy systems toward SolarEV Cities from the 2010s to the 2050s. The framework
shows four phases: rooftop-PV penetration, EV penetration, PV-EV integration, and citywide integration, together with the associated barriers, enablers, landscape
pressures, and system targets. Red shading indicates incomplete or fragmented integration during the PV-EV integration phase. The 70% rooftop utilization rep-
resents a long-term urban-design target rather than the presently installable share.

Table 2

SolarEV City research across urban, municipal, regional, and national scales. The table summarizes published analyses that evaluate rooftop PV combined with EV
batteries or V2G/V2H-type operation. Reported self-sufficiency values are not directly comparable because assumptions differ across studies, including rooftop-PV
potential, EV penetration, usable battery capacity, spatial scale, and demand profiles. Table 2 should be interpreted as evidence of the breadth of PV-EV integra-
tion research rather than as a direct ranking of performance across cities.

Case study Country Population Location Reported self- Main assumptions Reference  Key finding / contribution
sufficiency or key
result

Kyoto City Japan 1.47 million 35.0°N, 135.8°E 70% Max 70% of roof area, [14] First SolarEV City analysis
and all passenger
vehicles as EVs.

Kyoto City Japan 1.47 million 35.0°N, 135.8°E 95% 1-km mesh analysis [56] Suburban residential areas

have high potential

All municipalities Japan 124 million 24-46°N, 123- 85 + 12% The same as above [15,31] Analysis of all Japanese

146°E municipalities

Shangmeilin Village, China 4,200 22.6°N, 114.1°E - High PV self- [571 Where PV-only self-

Shenzhen consumption with large consumption is high, adding
demand EVs provides limited benefit.

Seoul, Incheon, South 9.6 million 37.6°N, 127.0°E 33% in Seoul, 75% Max 70% of roof area, [35] High demand and limited

Daejeon, Sejong, Korea (Seoul) in Jeju-do and all passenger rooftop area constrain most
and Jeju-do vehicles as EVs. cities, except Jeju-do.

Paris and Ile-de- France 2.1 and 12 48.9°N, 2.4°E 31% and 48%, Max 70% of roof area, [36] Including suburban areas

France million, respectively. and all passenger substantially increases Paris’s
respectively vehicles as EVs. self-sufficiency.

Paris, Lyon, and France 2.1, 0.5, 0.9 48.9°N, 2.4°E; 20% to 42% Half of roof area, and [58] Strong economic benefits are

Marseille million, 45.7°N, 4.8°E; half of passenger identified.
respectively. 43.3°N, 5.4°E vehicles as EVs.

DKI Jakarta Indonesia 10.6 million 6.2°S, 106.8° E 75-76% Max 70% of roof area, [32] Low-latitude cities lack a
and all passenger winter demand peak,
vehicles as EVs. improving PV4+EV

performance.

Bangkok Thailand 5.7 million 13.7 71% The same as above. [33] PV+EV systems are highly

°N, 100.6°E effective in developing cities.

National Spain 50 million 40.4°N, 3.7°W 100% PV area equal to 73 m? [41] Analysis of 100% self-
per capita with all EVs. sufficiency with PV and EV at a

national scale.

West coastal area Sweden 100,000 55.5°N-59.0° N, 84% Wind (33 MW) and solar [59] Wind coupling is effective in

11°E- 13°E

(2.7 MW) combined
with V2G.

high northern latitudes.

South Korea, PV+EV systems in residential buildings were found to

perform

better than in office, retail, institutional, and industrial
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buildings [35]. This reflects the stronger spatial and functional align-
ment among residential EV parking availability, rooftop PV potential,
and opportunities to store and shift locally generated solar electricity
through household- or neighborhood-level energy storage.

3.2. Climate effect

Local climate shapes SolarEV City performance by affecting PV
electricity generation, space-heating and cooling loads, and the tempo-
ral balance between electricity supply and demand [15]. PV generation
is generally higher in dry climates and at lower latitudes (Fig. 3). PV
output is limited to daylight hours and varies with weather conditions
across multiple timescales, ranging from seconds and hours to days,
seasons, and even decades. Similarly, space-heating and cooling de-
mands in buildings vary with local weather conditions. Heating and
cooling electricity demand also depends on building insulation and form
and HVAC efficiency, including heat-pump performance, which together
shape aggregate city-scale demand. Consequently, areas with high PV
generation and low heating/cooling demand have the highest SolarEV
City potential.

To isolate climatic effects on SolarEV City performance, we con-
ducted a controlled simulation. The hourly electricity demand for Kyoto
City [14] was reconstructed from the normalized 2024 load profile of
the Kansai Electric Power service area (KEPCO: Kansai Electric Power
Company) using a top-down machine-learning approach. The
Kyoto-derived demand model, based on meteorological and calendar
variables, was transferred to the nine capital cities without local
retraining to provide a common behavioral baseline for isolating cli-
matic effects (Fig. 4; Supplementary Information). This transfer assumes
similar daily schedules and vehicle availability. Differences in work and
weekend schedules, commuting, occupancy, appliance use, thermal
comfort, and parking habits could alter the timing of demand and
vehicle availability relative to PV generation, thereby biasing
city-specific self-sufficiency. The results should therefore be interpreted
as a controlled climate-sensitivity comparison rather than city forecasts;
local applications require locally calibrated demand and mobility data.
These profiles were combined with PV generation simulated from
city-specific weather files under common urban, EV, and dispatch
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assumptions.

The techno-economic model [44] was applied to these demand and
PV-generation datasets to calculate self-sufficiency rate and other per-
formance indicators. By holding urban structure, rooftop PV capacity,
and the EV fleet constant while varying climate, the analysis isolates
climatic influences and quantifies the electricity that could be supplied
by integrated PV+EV systems. The controlled comparison assumed full
passenger-vehicle electrification, common EV availability and battery
capacity, and a dispatch rule that prioritized mobility while storing
surplus PV electricity [44].

The results reveal three broad climatic patterns (Fig. 4). First,
moderate and relatively sunny climates, represented by Canberra,
Washington D.C., and Tokyo, show high SolarEV City potential because
PV generation is strong and heating/cooling demand remains moderate.
Second, hot or monsoon-influenced low-latitude cities, such as New
Delhi and Jakarta, benefit from high solar altitude and good seasonal
coincidence between PV generation and cooling demand, but their
performance is reduced during very hot or rainy periods. Third, high-
latitude cities, such as Paris and Amsterdam, face severe winter defi-
cits because solar generation declines when heating demand increases.
These results indicate that SolarEV City systems can provide high annual
self-sufficiency in many climates, but high-latitude regions require
stronger coupling with complementary resources such as wind power,
long-duration storage, regional electricity exchange, or demand-side
flexibility.

3.3. Technologies

Rapid advances in rooftop PV systems, EVs, bidirectional charging,
smart inverters, battery energy storage systems (BESS), and digital
control platforms provide a strong technological foundation for SolarEV
Cities [62-64]. The next challenge is coordinating these technologies
across urban form, mobility schedules, distribution networks, charging
interfaces, and battery lifecycles. This system-level integration can
transform buildings and vehicles into coordinated energy resources and
enable cities to maximize local renewable generation, flexibility, resil-
ience, and infrastructure efficiency. The principal engineering task is
therefore to develop secure, interoperable architectures that enable
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Fig. 3. Global distribution of annual photovoltaic capacity factor (PVcg, %) estimated using the System Advisor Model (SAM) [60] with NASA POWER [61] hourly
meteorological data for 2024. A fixed-tilt PV system was assumed for each grid cell with the tilt angle equal to the absolute latitude but capped at 30°. PV represents
the ratio of annual simulated PV generation to the theoretical annual generation at rated capacity.
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Fig. 4. SolarEV City potential at the locations of selected national capitals. A common urban energy-system configuration was applied across all cities so that the
resulting differences primarily reflect local climatic effects on electricity demand and PV generation. SSR indicates self-sufficiency rate. Blue lines and markers
indicate monthly SSRs calculated from the hourly demand-supply balance. Yellow bars indicate monthly PV generation, and gray bars indicate monthly demand.

large numbers of heterogeneous assets to operate as a coherent urban
energy system.

3.3.1. Maximizing urban PV generation and integrating SolarEV
infrastructure into urban design

Rooftop PV systems should be treated as essential urban energy-
generation infrastructure because they enable renewable electricity to
be produced close to buildings, transport demand, and existing distri-
bution networks [14] without requiring additional land [65]. Maxi-
mizing energy generation from existing and new urban surfaces should
therefore be a central objective of sustainable urban development.
High-efficiency silicon, tandem, and perovskite PV technologies, and
building-integrated photovoltaics (BIPV) [63] expand the range of sur-
faces that can contribute to this objective [66]. Roofs, fagades, trans-
parent PV glazing, solar canopies, parking facilities, and public buildings
can collectively form a distributed urban-generation system. Geographic
information system (GIS) and three-dimensional building assessments
can support effective deployment by considering orientation, shading,
structural conditions, roof geometry, access requirements, and sur-
rounding urban form [67]. Community and shared-solar arrangements
can further extend participation to residents who do not individually
control a suitable roof [68].

The gap between nominal and currently deployable rooftop area
should be treated not as a fixed constraint but as a central urban-design

challenge for SolarEV Cities. Full utilization of rooftop surfaces for en-
ergy generation will require continued PV cost reduction [63], PV-ready
building codes, improved rooftop-access and equipment-layout stan-
dards, structural retrofit support, streamlined permitting [67], and
collective ownership or management schemes [68,69]. In the medium to
long term, coordinated building heights, spacing, orientation, and roof
slopes can reduce inter-building shading and expand suitable roof and
facade surfaces [70], supporting the target of using at least 70% of total
rooftop area for PV [14]. This requires a broader transformation in how
cities are designed, renovated, and constructed, so that roofs, facades,
canopies, and other built surfaces progressively become part of the en-
ergy infrastructure of future sustainable cities.

Different urban forms require complementary implementation
pathways. Detached-house suburbs can provide early opportunities
because they commonly combine larger roof areas, private vehicles, and
off-street parking [44]. Dense commercial centers and apartment dis-
tricts require different solutions, including facades, collective roofs,
public buildings, solar canopies, shared charging, sub-metering, buil-
ding-energy management, and neighborhood energy systems [31].
Electricity exchange among buildings, community storage, and VPP
aggregation can connect areas with different generation and demand
profiles and extend the value of rooftop PV beyond individual-building
self-sufficiency [35].

Differences among the daily profiles of PV generation, electricity
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demand, and vehicle use create opportunities for coordinated operation.
Rooftop PV normally reaches its highest output around midday, whereas
residential vehicle charging frequently occurs after the evening
commute [71]. Smart scheduling can align these profiles by directing
charging toward periods of high renewable production and using stored
electricity when demand subsequently rises [71]. Workplace and
commercial-fleet charging are particularly well matched to daytime PV
generation because vehicles are frequently parked during
solar-production hours [71-76]. Residential systems can complement
this pathway through smart charging based on expected departure times
and required battery state of charge, combined with V2H, stationary
storage, and neighborhood electricity exchange [77].

SolarEV infrastructure should therefore be incorporated into urban
design from the beginning rather than added independently after
buildings and transport systems are established [70]. New developments
can integrate PV-oriented roofs and facades, EV-ready wiring, commu-
nication infrastructure, appropriately sized transformers, and space for
shared charging and storage. Solar canopies over parking areas, depots,
walkways, and public facilities can provide electricity generation,
weather protection, and charging services through the same urban
structure [78]. Three-dimensional urban models and digital twins can
support this planning when sufficiently accurate building, mobility, and
network data are available [70,79,80]. Feeder-specific electrical
assessment can then complement these tools by identifying the opera-
tional requirements of each local distribution network. Integration po-
tential should ultimately be evaluated using vehicle connection
probability, dwell time, charger power, usable state of charge, mobility
reserve, PV-charging coincidence, and feeder conditions rather than
installed PV and EV capacity alone [71,81-83].

3.3.2. EVs as flexible distributed energy resources

EVs can operate as flexible distributed energy resources (DERs)
connecting renewable generation, mobility, buildings, and electricity
networks. Managed unidirectional charging, or V1G, shifts charging to
periods that align with PV availability, mobility requirements, elec-
tricity prices, and local network conditions [72,73,84]. V2H and V2B
supply buildings behind the meter, while V2G enables electricity export
and participation in grid services [84-88]. Aggregated EV fleets can
support renewable-energy absorption, peak management, demand
response, frequency services, reserve capacity, and emergency elec-
tricity supply [35]. Modeling indicates that coordinated charging can
meet approximately 13-92% of EV electricity demand directly from
solar generation, depending on charging availability, seasonality, and
system configuration [71]. Modeling also suggests that coordinated
charging and discharging can reduce peak demand by up to approxi-
mately 44% under favorable conditions [89-91]. Commercial fleets,
buses, delivery vehicles, and workplace vehicles provide promising
early applications because their connection schedules and mobility re-
serves can be managed predictably [72,92]. Private vehicles can provide
additional flexibility when control systems respect connection duration,
desired state of charge, expected departure time, and driving re-
quirements [93,94].

V1G provides a practical initial pathway because it can deliver
substantial load-shifting value using unidirectional charging equipment
[95]. V2G can then add services that require electricity export, including
reserve provision, local network support, and emergency power. A
staged progression from unmanaged charging to V1G, V2H/V2B, and
aggregated V2G allows technical capability, user confidence, and mar-
ket arrangements to develop incrementally. Charging control can pre-
serve a predefined driving reserve, expected departure state of charge,
and user override option while making the remaining flexibility avail-
able to the energy system [94]. Subsequent socio-economic sections
examine the economic value, business models, institutional arrange-
ments, compensation mechanisms, and participation implications of
these technical configurations.
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3.3.3. Interoperable and digitally coordinated bidirectional-charging
systems

Full bidirectional operation requires coordination across several
layers: the physical connector and power electronics; vehicle-charger
communication; charger-backend communication; utility interconnec-
tion and protection; metering and settlement; and aggregator interfaces
[96,97]. Compatibility across these layers enables vehicles from
different manufacturers to participate in common building, neighbor-
hood, and grid services. CHAdeMO demonstrated the value of early
direct-current (DC) bidirectional standardization by supporting com-
mercial V2H deployment in Japan [96] (Table 3). Its operational
experience provides an important foundation for the development of
wider bidirectional-charging ecosystems. The Combined Charging Sys-
tem (CCS) and ISO 15118-20 provide an expanding pathway for bidi-
rectional power transfer, secure authentication, and advanced
energy-management functions [97]. Full implementation requires
compatible reversible power electronics, metering, cybersecurity cre-
dentials, backend software, and grid-interconnection approval. These
requirements provide a practical roadmap for progressively expanding
V2G capability across future vehicle and charger generations.

China’s GB/T system and the ChaoJi architecture provide another
large-scale pathway for high-power and bidirectional charging [98]. The
North American Charging Standard (NACS)/SAE J3400 is also expand-
ing as a physical charging interface in North America [99]. Harmonizing
communication, certification, grid codes, warranties, cybersecurity, and
settlement across these ecosystems can preserve connector diversity
while enabling system-level interoperability. A practical near-term
objective is therefore functional interoperability rather than immedi-
ate adoption of a single global connector. Common requirements for
secure authentication, state-of-charge exchange, availability, mobility
constraints, metering accuracy, power quality, and grid-support func-
tions can create a shared operational language across charging ecosys-
tems [96,97]. End-to-end conformance testing of the complete
vehicle-charger—platform-grid chain can accelerate deployment and
support mixed-manufacturer aggregation.

Digital coordination enables vehicles, chargers, PV inverters, storage
systems, buildings, aggregators, and distribution networks to operate as
one responsive system. Advanced metering, short-term forecasting,
departure-aware optimization, automated demand response, and VPP
platforms provide the principal control functions [62,64]. Open in-
terfaces can support interoperability among utilities, aggregators, au-
tomakers, charging providers, and building-energy systems.
Cybersecurity and privacy should be embedded as core design features
rather than added after deployment. Secure device authentication,
encrypted communications, controlled software updates, role-based
access, anomaly detection, network segmentation, and safe fallback

Table 3
Principal bidirectional-charging ecosystems and integration pathways.

Ecosystem Main regions Bidirectional Current integration
foundation pathway
CHAdeMO Japan and Established DC Extend established
legacy global bidirectional charging  operational experience
markets and commercial V2H and compatibility with
wider platforms
CCS / 1SO Europe, North Defined bidirectional Coordinate vehicle
15118- America, and communication and hardware, chargers,
20 expanding energy-management backend platforms,
global markets functions certification, and
interconnection
NACS / North America Rapidly expanding Develop bidirectional
SAE physical interface communication, export
J3400 certification, and
backend integration
GB/ China and Large-scale high- Expand end-to-end
T-ChaoJi  linked markets power ecosystem with  interoperability and
bidirectional international

development

conformance testing




T. Kobashi et al.

operation can support reliable aggregation at scale [100]. Clearly allo-
cating responsibility among automakers, charger providers, aggre-
gators, utilities, and building operators strengthens accountability
[100]. Data minimization, informed user consent, and auditable control
rights can enable operational coordination while protecting household
and mobility information [101].

3.3.4. Grid constraints and digital infrastructure

Distribution-network hosting capacity is the amount of distributed
generation and flexible demand that can be connected while maintain-
ing voltage, thermal, protection, and power-quality requirements [102,
103]. It varies with feeder impedance, transformer rating, phase allo-
cation, resource location, background demand, charger rating, and
operating behavior. Hosting capacity should therefore be treated as an
actively managed system capability rather than a fixed external limit
[103,104]. A review of low-voltage PV networks found that overvoltage
accounted for approximately 48% of reported hosting-capacity con-
straints, while thermal overload and voltage unbalance accounted for
approximately 26% and 19%, respectively [102]. These findings indi-
cate where active voltage control, coordinated charging, monitoring,
storage, and targeted reinforcement should be prioritized. Midday PV
exports can increase feeder voltage and reverse power flow, while
concentrated EV charging can add local transformer and feeder loading
[95,105-108]. Modern protection settings, directional relays, inverter
ride-through functions, phase balancing, and network monitoring can
adapt distribution systems to bidirectional electricity flows and
inverter-based resources [103,109]. These measures allow distribution
networks to evolve from passive electricity-delivery systems into
actively managed platforms for distributed generation and flexible
demand.

A California-wide assessment estimated that uncontrolled charging
could require upgrades to approximately 67% of distribution feeders by
2045, equivalent to around 25 GW of additional capacity and USD 6-20
billion in investment [108]. This result underscores the value of
managed charging, local flexibility, and anticipatory planning from the
beginning of EV deployment. Coordinated operation can reduce, defer,
or better target reinforcement while directing investment to locations
where additional physical capacity is required. PV and EV deployment
should be planned jointly because daytime vehicle charging can absorb
locally generated electricity that would otherwise be exported, while
V1G and V2G can reshape evening demand [104,110]. This comple-
mentary operation can increase both the local value of rooftop PV and
the effective capacity of the distribution network.

Smart-inverter functions, including Volt/VAR and Volt-Watt con-
trol, can increase PV hosting capacity by adjusting reactive power and
active export in response to local voltage conditions [111]. In one feeder
study, Volt/VAR control increased PV hosting capacity by up to 91%
[111]. Another benchmark study reported an increase in admissible PV
generation from 17% to 100% of the feeder thermal limit [112].
Although the exact gains are feeder-specific, these studies demonstrate
the substantial capacity that active control can unlock. EV charging
coordination provides a similar opportunity. In one assessed network,
time-of-use charging increased EV hosting capacity from 10% under
uncontrolled charging to 70% [95]. Optimized control of EV aggregators
and V2G resources has also increased DER accommodation in
distribution-system studies [113-115]. Price-based charging can be
strengthened by incorporating feeder-aware and locational constraints.
A Swedish residential-network study found that, when local constraints
were ignored, price-responsive V2G created new peaks above approxi-
mately 20% EV penetration; feeder-aware coordination minimized peak
loading at approximately 30-40% penetration [116]. This provides a
clear design principle for aggregators: wholesale-price optimization
should be combined with transformer and feeder constraints [113,114].

Distribution-grid hosting capacity is therefore a central innovation
priority for SolarEV City. Smart charging, V2H/V2G, smart-inverter
control, distributed storage, transformer monitoring, community
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energy management, and targeted reinforcement can jointly expand the
effective capacity of existing networks. Time-series and probabilistic
power-flow analysis can support this transition by jointly representing
PV production, household demand, vehicle availability, charging
schedules, mobility reserves, inverter control, storage, and network in-
vestment [103,104,110]. Evaluations should report voltage perfor-
mance, thermal loading, electrical losses, PV utilization, mobility
requirements, battery throughput, reliability, and deferred infrastruc-
ture investment.

3.3.5. Battery-lifecycle optimization and complementary system resources

Aggregated EV batteries provide a large, distributed resource for
short-duration storage and can reduce but not eliminate the need for
separately installed stationary batteries [117]. EVs and home batteries
are complementary. At the system level, EV storage can scale with the
growing vehicle fleet because the batteries are already purchased for
mobility, whereas stationary storage requires additional batteries and
dedicated investment. However, usable EV flexibility depends on bidi-
rectional chargers, interoperability, user participation, aggregation, and
vehicle availability; stationary batteries provide more predictable,
continuously connected capacity. The value of SolarEV lies not in EV
storage being universally superior, but in unlocking the expanding EV
battery fleet to absorb surplus rooftop PV, support greater PV deploy-
ment, and increase urban energy self-sufficiency while limiting un-
managed charging impacts and additional investment in stationary
storage.

The expanding battery fleet also creates a strong incentive to develop
circular supply chains for lithium, nickel, cobalt, graphite, and other
battery materials [118]. Improved durability, material-efficient chem-
istry, recycling, remanufacturing, and second-life applications can pro-
gressively increase the resource efficiency of SolarEV systems. EV
batteries are particularly well suited to intraday balancing, solar
self-consumption, peak management, and short-duration grid services.
Longer renewable-energy variations can be addressed by combining
them with generation diversity, interconnection, demand flexibility,
stationary storage, and long-duration storage. Dutch PV production, for
example, can differ by approximately 75-fold between a sunny summer
day and a cloudy winter day, while monthly averages differ by
approximately fivefold [119]. Such variability shows that EV batteries
are best used as flexible, short-duration storage within a broader port-
folio that combines diversified renewable generation, such as wind
power, with stationary and longer-duration storage depending on local
resource availability.

Battery-lifecycle management provides another opportunity for
intelligent control. Battery degradation results from both cycling and
calendar aging [120]. V2X algorithms can manage C-rate, depth of
discharge, average state of charge, temperature, and charging time to
limit degradation while delivering useful energy services [120-124].
Maintaining a moderate state of charge while parked and completing
charging closer to departure may reduce calendar aging and partly or
fully offset additional cycling under appropriate operating conditions
[121-123]. Thus, the relevant comparison is degradation-aware V2G
versus uncontrolled charging, rather than V2G versus no battery use.
Battery chemistry can be matched to the intended V2X duty cycle. The
comparatively long cycle life of lithium iron phosphate (LFP) cells may,
for example, be advantageous for frequent bidirectional operation [121,
122]. Active thermal management can maintain suitable operating
conditions during charging and discharging [120]. Dispatch algorithms
can incorporate chemistry-specific degradation costs, temperature,
state-of-health uncertainty, mobility reserves, and conversion efficiency,
enabling energy services to be delivered within defined battery-health
limits [120-123].

V2G-ready warranties can convert these engineering capabilities into
clear and bankable assurances for vehicle owners. They should specify
allowable power, depth of discharge, energy throughput, temperature
range, and operating conditions [93,94]. Transparent state-of-health
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monitoring can verify compliance, support compensation for battery
use, and strengthen user confidence. Evidence indicates that
well-designed V2X operation can provide energy-system value while
maintaining battery health within controlled and measurable limits
[120-124]. The technological foundation for SolarEV City is already
substantial. Rooftop PV can transform urban surfaces into a major
source of local electricity; EVs can provide mobile and distributed
flexibility; smart inverters and coordinated charging can expand effec-
tive grid capacity; and interoperable digital platforms can connect assets
across buildings, neighborhoods, and cities.

The remaining engineering challenge is integration, optimization,
and scaling rather than the invention of entirely new component tech-
nologies. Three priorities can accelerate implementation. First, urban
planning and building design should maximize rooftop, facade, canopy,
and other built-surface generation while jointly considering vehicle
access and charging availability. Second, bidirectional-charging certifi-
cation should cover the complete vehicle-charger—backend-grid chain
and support mixed-manufacturer aggregation [96,97]. Third, distribu-
tion planning should compare and combine smart -charging,
smart-inverter control, V2G, local storage, monitoring, and targeted
physical reinforcement [112-116]. With these measures, urban form,
vehicle mobility, and network operation can become complementary
components of a coordinated renewable-energy system.

3.4. Economic, policy, and social factors

Although technological advances provide the foundation, scaling
SolarEV Cities depends on aligning economic, policy, and social condi-
tions. The main barriers lie less in technical feasibility than in weak
economic structures, regulatory misalignment, and social and equity
challenges. These barriers are institutional as much as technological:
value must be allocated among households, EV owners, aggregators,
utilities, municipalities, and society; policy frameworks must connect
rooftop PV, EVs, buildings, distribution grids, and electricity markets;
and participation must extend beyond high-income homeowners.

3.4.1. Economic viability and business models

At the microeconomic level, individual adoption is driven primarily
by cost savings from maximizing the self-consumption of rooftop PV
generation, particularly in regions with time-differentiated electricity
tariffs. However, high upfront costs for PV systems, EVs, and the pre-
mium for bidirectional electric vehicle supply equipment (EVSE) can
delay adoption, particularly among households and buildings with
limited access to capital (although significant future cost reductions are
expected [31]). Consequently, economic viability depends on convert-
ing stacked system value into durable actor-level revenues. However,
peer-reviewed evidence of realized revenues remains limited. A Danish
field study demonstrated that ten electric vans provided
frequency-controlled normal-operation reserve, but did not quantify
annual revenue or net profit [125]. Using measured profiles from 468
German commercial vehicles and historical 2020 market prices, simu-
lations estimated annual gross frequency-containment-reserve revenue
of €220 per vehicle for randomly composed pools and €378 for opti-
mized pools, before aggregator, bidirectional-charger, and
battery-degradation costs [126]. For a typical German household,
modeled annual electricity-cost reductions relative to unmanaged
charging were €310 for V2H and €530 for combined V2H and V2G
arbitrage; the latter excluded electricity taxes and duties [127]. At the
then-current charger cost assumed in the study, the annualized addi-
tional bidirectional-charger cost (€469) exceeded the V2H benefit,
excluding installation and vehicle costs [127]. A meta-analysis of 340
cases found reported economic benefits ranging from —€300 to €4,140
per vehicle-year [128]. Thus, the funding gap lies between gross benefits
and net user income after charger, installation, metering, aggregation,
energy-loss, and battery-degradation costs. Current market rules can
widen this gap through taxes, minimum bid sizes, and restrictions on
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combining services.

VPP aggregation and P2P energy trading are important pathways to
unlocking additional economic value. VPPs use software platforms to
coordinate DERs, including EV fleets, rooftop PV, stationary batteries,
and flexible loads, and bid their collective capacity into wholesale en-
ergy, capacity, or ancillary-service markets. The resulting revenues can
be shared among participants. P2P trading platforms can increase the
value of surplus rooftop PV by matching buildings with different gen-
eration and demand profiles [129-131]. These transactions operate
through the public electricity network and do not replace its essential
balancing and mutualization functions. However, both VPP and P2P
models currently face substantial barriers, including inequitable market
access for small-scale distributed resources, inadequate compensation
mechanisms, unclear roles for new market actors such as aggregators,
and regulatory inertia. Clear metering, baselines, settlement rules, and
benefit-sharing mechanisms are therefore required to turn physical
flexibility into usable economic value.

3.4.2. Policy fragmentation and integrated governance

Policy and regulatory frameworks strongly shape the pace and di-
rection of the SolarEV City transition. Historically, however, rooftop PV
and EV policies evolved along separate tracks, hindering their integra-
tion. Global rooftop PV policies have progressed from feed-in tariffs,
subsidies, tax credits, and net metering toward market participation,
dynamic pricing, and blended policy portfolios [132-140]. Similarly,
global EV policy has shifted from direct purchase subsidies toward
charging infrastructure, manufacturer mandates, non-fiscal incentives,
industrial policy alignment, and carbon-linked incentives [141-146].
These policies have accelerated PV and EV adoption individually, but
they have not yet created an integrated framework for buildings,
transport electrification, distribution networks, flexibility markets, and
urban planning.

This separate development has created a critical “regulatory gap” or
“policy void” concerning the integrated operation of PV and EVs,
particularly regarding V2G functionalities. V2G implementation lies
uneasily at the intersection of transportation policy (governing vehicle
standards and markets) and energy policy (governing grid intercon-
nection and electricity markets), domains often managed by different
agencies with distinct mandates and regulatory cultures. This creates
three key challenges.

First, existing grid interconnection standards were predominantly
designed for stationary generators, lacking clear, streamlined, and cost-
effective procedures for connecting millions of mobile, bidirectional
storage devices (EVs) [147]. Second, utilities often lack established V2G
protocols and business models. Concerns about grid safety, stability, and
power quality can lead to cautious and complex approval processes,
while unclear rules hinder fair compensation for the grid services pro-
vided by EV owners and aggregators, from fast frequency response to
capacity provision. Third, discharging electricity back to the grid can
conflict with existing retail electricity contracts or create ambiguous
taxation implications, thereby eroding the economic incentive for
participation. SolarEV policy must therefore clarify interconnection
procedures, aggregator licensing, metering and settlement rules, tariff
design, consumer protection, taxation, warranty interfaces, and
ownership of flexibility value.

As EV adoption matures, governments are addressing this regulatory
gap through diverse and often fragmented approaches to V2G integra-
tion. China exemplifies a top-down, pilot-driven model, enforcing na-
tional standards while initiating large-scale trials augmented by specific
local incentives [148-150]. The US combines federal initiatives with
pioneering yet inconsistent state-level regulations (e.g., California’s
bidirectional mandate) within a highly fragmented utility landscape
[151,152]. Germany employs a hybrid approach, mandating
grid-controllable charging capabilities while providing premium sub-
sidies for bidirectional hardware [153,154]. The UK focuses on enabling
market participation through tariff structures, including time-of-use
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(TOU) rates for alternating-current (AC) V2G [155], while France le-
verages enterprise alliances within a more centralized energy system
structure [156,157]. Ongoing regulatory uncertainty and the lack of
harmonized frameworks continue to slow the commercial rollout of V2G
services worldwide. These examples show that SolarEV policy will
remain context-specific, but all pathways require stronger alignment
between mobility regulation, electricity-market design, and
distribution-network planning.

Regulatory fragmentation and policy inertia constitute central bot-
tlenecks to scaled deployment [158]. While national-level policies, such
as Japan’s 2050 carbon neutrality goal or the US Inflation Reduction
Act, create crucial landscape-level pressure on existing socio-technical
regimes, national governments often lack the context-specific knowl-
edge and multi-stakeholder connections to steer complex urban transi-
tions alone [55]. Realizing the SolarEV City vision therefore requires
integrated urban governance that overcomes sectoral fragmentation
across energy, transportation, and land-use authorities [159]. This in-
cludes updating building codes for solar PV and EV readiness, reforming
zoning for distributed infrastructure, and fundamentally reorienting
utility planning processes to embrace DERs as core grid resources. Local
implementation platforms involving municipalities, utilities, auto-
makers, aggregators, building owners, and communities can help coor-
dinate investment and allocate costs and benefits transparently.

3.4.3. Social acceptance and energy justice

Ignoring the social dimension threatens both the long-term viability
and legitimacy of the SolarEV City transition. Consumer adoption of
V2G, even with financial incentives, faces significant behavioral bar-
riers. Potential users remain particularly concerned about accelerated
battery degradation and voided manufacturer warranties [93,94]. While
research suggests intelligent V2G management could mitigate net
degradation by optimizing battery state-of-charge and reducing calen-
dar aging, this evidence is scenario-dependent, whereas users bear the
battery risk directly. Manufacturer-backed V2G warranties, transparent
state-of-health monitoring, defined operating limits, and compensation
for verified incremental degradation are therefore needed to bridge this
trust gap [121-124]. Additionally, perceived loss of control over per-
sonal mobility, including range anxiety when batteries are discharged
for grid services, and data privacy concerns associated with sharing
charging data require user-centric control interfaces and trustworthy
data governance frameworks [94]. Minimum battery-charge guarantees,
user control options, clear information on battery health and payments,
and transparent data-use rules can increase trust and encourage
participation. Social acceptance is therefore partly an engineering and
institutional design problem, not only a matter of consumer attitude.

A central challenge is ensuring that the transition aligns with the
principles of energy justice [160]. The predominant SolarEV City model,
often centered on single-family homeowners with private driveways and
sufficient capital, risks excluding renters, residents of multi-unit dwell-
ings, and low-to-moderate-income households, thereby worsening
existing energy inequities [68]. Recent evidence from California further
shows that Black and Hispanic residents, particularly those in renter-
and multifamily-heavy communities, have significantly lower
competition-adjusted access to public EV charging, even after account-
ing for income, population density, and housing characteristics [161].
This could create a socially stratified, “two-tiered” energy system in
which affluent “prosumers” capture the benefits (lower bills, V2G rev-
enues, resilience) while vulnerable populations remain reliant on a
potentially more strained public grid and may bear a disproportionate
share of system upgrade costs. Addressing this equity gap requires
V2G-ready building codes for multi-unit dwellings, municipal procure-
ment of bidirectional curbside and public chargers in underserved areas,
subsidies for electrical upgrades in shared parking, sub-metering and
opt-in aggregation, and rules that return flexibility revenues to partici-
pating residents. Community-solar subscriptions can provide access to
PV benefits, while shared V2G hubs at apartments, workplaces, public
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parking facilities, and mobility hubs provide access to bidirectional
flexibility. These measures should incorporate procedural, distributive,
and recognition justice [68,162]. A socially robust SolarEV City is
therefore not only a technically optimized system but also an inclusive
urban-energy platform that distributes economic and resilience benefits
broadly.

In summary, climate and urban form establish physical potential,
technology enables controllability, economics and policy determine
operational viability, and society shapes legitimacy and distribution.
Systemic integration therefore requires alignment across all six
dimensions.

4. Comparative national pathways

SolarEV City development varies markedly across countries
(Table 4), reflecting differences in national energy systems, policy pri-
orities, market structures, technological legacies, urban forms, and
socio-economic contexts. Rather than converging toward a single
implementation model, distinct national pathways are emerging. The
nine-country comparison identifies how different technological, urban,
economic, and institutional conditions shape SolarEV City pathways
rather than ranking countries by overall readiness. This cross-case syn-
thesis reveals distinct development archetypes and underscores the
persistent PV-EV integration gap despite rapid adoption of each
technology.

4.1. Comparative methodology

The comparison uses common country-level indicators to structure
the subsequent country-by-country analysis. Table 4 summarizes pop-
ulation, electricity consumption per capita, rooftop PV capacity per
capita, PV share of electricity generation, EV share of new vehicle sales,
dominant bidirectional-charging interface, and V2H/V2G maturity for
the nine selected countries. These indicators represent four conditions
central to SolarEV City development: the scale of the energy-system
challenge, the maturity of distributed solar deployment, the progress
of transport electrification, and the availability of technical and insti-
tutional interfaces for PV-EV integration.

The indicators should be interpreted as diagnostic variables rather
than as a composite ranking. A country may have high rooftop-PV
penetration but low EV adoption, high EV sales but limited
bidirectional-charging infrastructure, or commercial V2H availability
without mature V2G market participation. The comparison therefore
focuses on alignment among the six socio-techno-economic dimensions
introduced in Section 2: climate, urban structure, technology, eco-
nomics, policy, and society. This approach explains why PV and EV
markets can grow rapidly while integrated SolarEV deployment remains
slower and more path-dependent.

The nine countries were purposively selected to capture variation in
geographic region, income level, urban form, PV and EV deployment,
bidirectional-charging maturity, market structure, and governance; they
do not constitute a statistically representative sample. They were not
selected to fit predefined archetypes, which emerged from the subse-
quent comparison. The sample is illustrative rather than exhaustive;
Germany, Norway, and other important markets were omitted to bal-
ance international breadth with sufficient analytical depth. Section 4.2
compares the countries according to their principal deployment units,
coordination mechanisms, integration gaps, and next transition steps.
The development archetypes and transition implications are synthesized
after the country analysis in Section 4.3.

4.2. Comparative country analysis
4.2.1. Australia

Australia has one of the highest rates of rooftop PV adoption in the
world [169], although EV uptake and the broader electrification of
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Table 4
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Country-level indicators for comparing SolarEV City development. EV includes battery electric vehicles (BEVs) and plug-in hybrid electric vehicles (PHEVSs). The
principal data providers are the World Bank [163], U.S. Energy Information Administration [164], and BloombergNEF [165-167]. The indicators are used for

cross-country comparison and do not constitute a single overall ranking.

Population in Electricity consumption Rooftop PV installed PV share of EV share of new Dominant V2H/V2G
2024 (million) per capita in 2024 (kWh capacity per capita in electricity vehicle sales in bidirectional- maturity
[163] yr~! person™) [164] 2024 (kW person™) generation in 2024 2024 (%) [165] charging interface
[168] (%) [167]
Australia 27 9,447 0.97 18.9 9.8 CCS2 Piloting, Pilot
CHAdeMO available
China 1,409 6,951 0.29 8.7 48.1 GB/T Piloting, Pilot
ChaoJi in
development
France 69 5,976 0.18 4.2 27.3 CCS2 (ISO 15118) Commercial
Commercial
India 1,451 1,211 0.02 6.7 2.6 CCS2/CHAdeMO Nascent
Piloting
Indonesia 284 1,327 < 0.01 0.4 6.6 CCS2/CHAdeMO Nascent
Piloting
Japan 124 6,925 0.43 11.0 3.0 CHAdeMO Commercial
Commercial (V2H)
Netherlands 18 6,130 0.95 17.1 48.9 CCS2 (ISO 15118) Commercial
Commercial
South Korea 52 10,779 0.08 6.1 10.7 CCS2/CHAdeMO Pilot
Piloting
U.s. 340 12,332 0.19 6.4 10.6 CCS1 / NACS (SAE Pilot/Early
J3400), CHAdeMO commercial

available

transport remain at an early stage. By 2025, more than 4 million rooftop
PV systems (totaling 29 GW) were installed on 40% of households [170],
which together generated 14% of Australia’s electricity [171]. House-
hold battery adoption has accelerated significantly since mid-2025, with
at least 9.4 GWh of storage installed across 340,000 homes [170]. Bat-
tery electric vehicle sales also rose from 3% of new car sales in 2022 to
12% in early 2026 [172], with an estimated nationwide fleet of over
340,000 vehicles [173]. Together these trends have created the basis for
a rooftop-PV-led residential-flexibility pathway in which households
increasingly combine electricity generation, storage, transport, and de-
mand management.

Australia’s net-zero by 2050 pathway relies heavily on the decar-
bonization of the electricity sector and aims to reach 82% renewable
electricity by 2030. The Capacity Investment Scheme [174] and
renewable portfolio standard [175] support utility-scale renewable
deployment, while household DER investment is encouraged through
upfront cost subsidies from the Small-scale Renewable Energy Scheme
[176] and Cheaper Home Batteries program [177]. Despite this prog-
ress, fossil fuels remained prominent in 2025: coal and gas supplied 50%
and 7% of total generation, respectively [171], resulting in an overall
grid emissions intensity of 633 gCO.e /kWh [178]. Coordinating EV
charging with rooftop PV and periods of lower-carbon grid supply is
therefore important for maximizing the emissions benefits of transport
electrification.

EV adoption is increasing but remains well behind rooftop PV
adoption. Policies such as the New Vehicle Efficiency Standard [179]
have been introduced to encourage transport electrification. Public
charging infrastructure lags most other OECD countries [5], partly
reflecting Australia’s low population density and early stage of EV
adoption. Most charging occurs at home [173], making detached homes
with rooftop PV the most suitable setting for the initial deployment of
V2H and residential V2G. Bidirectional charging is moving from small
trials toward early residential deployment, although the availability of
compatible vehicles, chargers, certification pathways, and
grid-connection procedures remains limited. Electricity retailers such as
Origin [180], AGL [181], and Amber [182] have conducted projects to
test the value of bidirectional charging at scale. A national roadmap for
bidirectional charging was released in 2025 [183], reflecting growing
recognition of EVs as flexible energy resources rather than simply
transport assets. Historically, V2G development relied heavily on
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CHAdeMO-equipped vehicles [184]. The longer-term market is expected
to develop around Australia’s increasingly dominant CCS2 interface and
ISO 15118-20-based communication, although interoperable
CCS2-based V2H and V2G are not yet commercially available [185].

Australia's widespread rooftop PV produces substantial midday
generation, creating increasingly pronounced "duck curve" conditions
with periods of very low or negative wholesale electricity prices [186].
Distribution networks are also experiencing local congestion and voltage
management issues, leading to export limitations and occasional DER
curtailment [187]. Smart meters, dynamic export limits, inverter re-
quirements, and established VPP frameworks provide a basis for
aggregating household batteries and EVs [188,189]. However,
Australia-specific certification and interconnection requirements can
delay commercialization by requiring imported bidirectional products
to be redesigned or recertified. For households, the immediate value lies
in increasing PV self-consumption and lowering electricity costs, with
potential additional benefits from grid-service revenues. Participation in
VPPs may nevertheless be constrained by uncertain compensation,
concerns over vehicle availability, battery degradation and warranties,
and reluctance to delegate charging control to aggregators [190]. Equity
is also important because rooftop PV and private charging are concen-
trated in owner-occupied detached homes, while renters, apartment
residents, and lower-income households have limited access. A pathway
based only on individually owned homes could therefore entrench
existing inequalities.

Overall, Australia follows a rooftop-PV-led residential-flexibility
pathway. Its high solar resource, suburban housing stock, widespread
vehicle ownership, and consumer-led DER investment favor integration
at detached homes rather than public charging hubs or centrally
managed fleets. Households, retailers, aggregators, network operators,
and governments are the principal actors, but coordination remains
fragmented across individual investment decisions, retailer programs,
state-level connection rules, and national electricity-market arrange-
ments. System planners increasingly expect flexible household re-
sources, including rooftop PV, batteries, and EVs, to complement utility-
scale renewable energy generation [191]. By the mid-2040s, household
batteries and EVs participating in VPPs could exceed utility-scale battery
capacity, and by 2050 consumer resources may provide more than half
of grid dispatchable capacity [191]. The central challenge is therefore
the transition from individual behind-the-meter optimization to
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coordinated residential flexibility that can increase household savings,
absorb rooftop-PV surpluses, relieve distribution-network constraints,
and provide system-wide services.

4.2.2. China

China’s energy transition combines unparalleled scale with strong
centralized policy directed toward its “dual carbon” targets of carbon
peaking before 2030 and carbon neutrality before 2060 (Fig. 5). China is
the world’s largest case of parallel solar PV and electric-vehicle scale-up.
By the end of 2025, cumulative installed PV capacity had reached
~1,200 GW, including about 530 GW of distributed PV, mainly rooftop
and commercial-industrial systems [192]. Feed-in tariffs initially
accelerated deployment [193], but declining costs and the phase-out of
central subsidies after 2019 shifted the sector toward more
market-oriented growth [194]. The national dual-carbon targets further
repositioned PV from a subsidized technology to a core component of
China’s emerging power system.

China has also become the world’s largest electric vehicle market. In
2025, new-energy-vehicle (NEV) sales reached 16.6 million units, ac-
counting for more than 50% of new vehicle sales, while the national NEV
stock reached ~34 million vehicles [195]. Charging infrastructure
expanded in parallel to 20.1 million charging piles by the end of 2025
[196]. This combination of a large EV fleet, extensive charging infra-
structure, and rapidly expanding distributed PV provides the basis for a
state-led aggregated V2G pathway focused on peak management,
renewable-energy integration, and system balancing. China’s SolarEV
development follows a top-down, hierarchical policy pathway. National
authorities first establish strategic priorities, technical standards and
pilot frameworks, while provinces and cities translate these central
signals into local regulations, incentives, and demonstration projects
according to local grid conditions and industrial capacity. This structure
enables rapid and coordinated experimentation, although implementa-
tion and commercial readiness still vary across regions.

Within this framework, SolarEV integration remains at an early but
increasingly institutionalized demonstration stage. The first batch of
national large-scale vehicle-grid interaction pilots included nine cities
and 30 projects across major urban areas such as Beijing, Shanghai,
Shenzhen, Guangzhou, Nanjing, Wuxi, Qingdao and Wuhan [197]. The
projects cover city-level aggregation platforms, battery-swapping sta-
tions, residential charging aggregation, public charging hubs, and inte-
grated PV-storage-charging systems [198]. Their principal deployment

Advances in Applied Energy 24 (2026) 100314

units are therefore charging hubs, residential compounds, industrial
parks, and public or commercial fleets rather than individual household
V2H systems. Shenzhen provides a representative example. The Lian-
huashan station combines PV, storage, high-power charging, bidirec-
tional operation, and VPP participation, with 27 V2G-enabled chargers
and 46 vehicles [199]. The Guangming Hongqiao Park station similarly
integrates rooftop PV, storage, 23 V2G chargers, and connection to the
Shenzhen VPP Management Center [200]. These projects illustrate
China’s emphasis on station-level and city-level aggregation.

China’s technical framework is evolving from conventional charging
toward bidirectional charging, high-power charging, and grid-level ag-
gregation. At the vehicle-charger level, China primarily follows the GB/
T system. The updated GB/T 27930-2023 protocol supports bidirec-
tional charging and discharging, while GB/T 34657.1-2025 and GB/T
34658-2025 provide interoperability and communication-conformance
testing. GB/T 46148-2025, effective from March 2026, provides an
equipment-level basis for orderly charging, V2G and V2H applications
[201].

ChaoJi represents China’s next-generation high-power direct-current
charging pathway. It is advancing toward standardization and industrial
application, with an emphasis on high charging power, safety, and
compatibility with existing charging systems [202]. Internationally, ISO
15118-20 provides a separate communication pathway for bidirectional
charging and Plug & Charge functions [203]. Differences in communi-
cation architecture, authentication, payment, data exchange, and
grid-control interfaces nevertheless continue to constrain interopera-
bility between China’s GB/T ecosystem and ISO 15118-based ecosys-
tems [204]. At the system level, VPPs provide a mechanism for
aggregating EV charging loads, distributed PV, and storage, but
end-to-end integration among vehicles, chargers, aggregation platforms,
grid dispatch, and market settlement remains incomplete. National
targets call for more than 20 GW of adjustable VPP regulation capacity
by 2027 and more than 50 GW by 2030, although deployment remains
predominantly pilot-based [205]. The principal technical barrier is
therefore not the absence of standards, but incomplete alignment across
the vehicle-charger-aggregator-grid chain. Much of the installed infra-
structure remains unidirectional, while V2G additionally requires
compatible battery-management systems, metering, cybersecurity,
dispatch interfaces, and settlement arrangements [204,206].

The economic value of V2G is highly context dependent. At the
system level, it can support peak shaving, valley filling, and renewable-

Maqdatory requiremgnt for Pilot programs
bidirectional charging Time-of-use electricity tariff
V2G/V2B ITechnicaI standard system| Facility subsidies
| Power discharge reward | R&D support
| Purchase subsidies I ILow—interest Ioans‘
: Removal of Charging standards & . .
Infrastructut:e‘é:pnstructlon purchase/driving S Charging discount
EVs roicles restrictions
Credit/quota/emission- PPPs for charging
|C'3'0V6fm"ent PfOCUfemem| Road priority based incentives/ infrastructure
- constraints
| Pilot programs | Tax exemptions
| Net metering ‘ ‘ R&D funding ‘ Mandatory electricity Dynamic pricing
RPV participation
FIT: R IT Subsidy-free real-time
I < | I 0 | I C I PPAs RPS trading
Policy-driven _> Market-driven
stage stage

Fig. 5. Summary of Chinese policies. RO: Renewables Obligation. PPAs: Power Purchase Agreements. RPS: Renewable Portfolio Standards. PPPs: Public-Private
Partnerships. ITC: Investment Tax Credit. R&D: Research and Development. RPV: Rooftop PV.
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energy integration. However, private users may face battery degrada-
tion and limited discharge revenues, while areas with concentrated EV
charging or high PV penetration may require distribution-grid rein-
forcement to address transformer loading, voltage fluctuations, and
reverse power flows [207,208]. Simple peak-valley arbitrage may
therefore be insufficient unless EV aggregation is coordinated with local
grid needs and combines multiple value streams. China’s likely sequence
is unmanaged charging — managed charging — aggregated V2G in
microgrids and demonstration zones — broader commercialization after
2030 [209].

Overall, China follows a state-led aggregated V2G pathway. Central
government, grid companies, local authorities, automakers, charging
operators, and VPP providers coordinate deployment across charging
hubs, residential compounds, industrial parks, and fleet depots. The
central challenge is to convert large-scale pilots and technical standards
into interoperable, economically viable, V2G resources that participate
routinely in grid dispatch and electricity-market settlement.

4.2.3. France

France’s energy transition is shaped by a power system dominated by
low-carbon nuclear generation, which provided ~68% of electricity in
2025 [210]. This low-carbon electricity base shifts the main decarbon-
ization challenge toward electrifying transport and heating. The French
BEV market is relatively mature, reaching a 26.8% market share in May
2026 [211], supported by two complementary policy instruments: the
CO2- and weight-indexed penalty scheme, Le Malus Ecologique, and an
environmental incentive scheme, Le Bonus Ecologique. Rooftop PV
deployment is also growing, reaching 16.6 GW of cumulative capacity in
2024 [212], although it remains a much smaller contributor to elec-
tricity supply than nuclear generation. The launch of a scalable com-
mercial household V2G service in 2024 established France as an early
European frontrunner. The service combined Renault vehicles, Mobi-
lize’s energy offer, The Mobility House’s aggregation platform, and
bidirectional home charging [213]. Its deployment was supported by
four complementary conditions: automaker commitment, avoidance of
double grid charges on re-exported electricity, widespread Linky smart
meters capable of recording bidirectional flows, and a relatively
streamlined distribution-system structure centered on Enedis [214].

The French model is therefore distinctive not only because V2G
hardware is commercially available, but because the vehicle, bidirec-
tional charger, electricity contract, aggregation service, and market
participation are bundled into a single household offer. This arrange-
ment reduces coordination burdens for users and creates a more direct
route for monetizing EV flexibility. The Mobility House has subse-
quently extended similar aggregation technology to partnerships with
Volkswagen’s Elli and Mercedes-Benz [215,216]. The French deploy-
ment has nonetheless revealed significant gaps between projected and
realized benefits. Independent user analyses suggest that net financial
gains can be considerably lower than the claimed annual saving of
approximately €600 [217]. Operational reliability has also drawn crit-
icism from early adopters, with recurring reports of system disconnec-
tions and application failures [218]. These problems indicate that
commercial availability does not yet guarantee stable revenues, seam-
less operation, or replication at scale. Vehicle and charger compatibility
also remain limited, while the business case depends on tariff design,
market-access rules, user availability, and reliable digital control.

Overall, France follows a bundled household V2G service pathway.
Its principal development unit is the individual household, and its
leading actors are automakers, energy retailers, aggregators, and the
distribution-system operator. The primary value proposition is lower
charging costs and household participation in electricity markets rather
than outage resilience. The central integration challenge is to move from
a narrowly compatible early-commercial offer toward reliable, inter-
operable, and economically durable deployment across a broader
vehicle fleet and customer base.
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4.2.4. India

India’s SolarEV transition combines rapid growth in PV, EV adop-
tion, smart metering, and charging infrastructure, but these de-
velopments remain only weakly integrated at the institutional,
regulatory, and market levels. The national target of 500 GW non-fossil
electricity capacity by 2030 defines the country’s decarbonization
pathway. By 2026, total non-fossil capacity had reached 288.0 GW,
including 154.2 GW of solar capacity, 56.44 GW of wind, 51.41 GW of
large hydro, and 8.78 GW of nuclear capacity [219,220]. However,
non-fossil sources provided only 29.2% of annual electricity generation
in FY2025-26, indicating that coal remains central to firm electricity
supply [219]. Grid-connected rooftop solar capacity reached 26.8 GW
by April 2026 [220]. The PM Surya Ghar: Muft Bijli Yojana, India’s
flagship residential rooftop-PV program, had supported nearly 2.39
million households and approximately 7 GW of capacity by December
2025 [221]. Adoption nevertheless remains uneven because of differ-
ences in state implementation, financing, roof ownership, income, dis-
tribution company (DISCOM) processing capacity, and interconnection
procedures [222].

The EV transition has also accelerated, but its structure differs sub-
stantially from developed economies. EVs reached approximately 8.5%
of total vehicle registrations in India in FY 2025-26, with annual reg-
istrations exceeding 2.5 million units [223]. A large share of adoption is
concentrated in two- and three-wheelers rather than passenger cars,
making the fleet more distributed, lower-capacity, and highly
price-sensitive. The public charging network expanded to 29,151 sta-
tions by December 2025 [224]. Charging nevertheless remains unevenly
distributed and depends heavily on homes, workplaces, fleet depots,
shared facilities and informal private arrangements. Projected growth to
approximately 600 million urban residents by 2036 will further increase
pressure on distributed networks and shared charging infrastructure
[225]. SolarEV integration remains nascent. V2G, V2H, and Vehicle to
Load (V2L) have not reached commercial scale, and most activities
remain limited to pilots and techno-economic assessments. Indian
Institute of Technology (IIT) Bombay field trials and Central Electricity
Authority (CEA)-linked assessments have established an initial basis for
evaluating EVs as distributed storage for peak shaving, PV
self-consumption, and grid support [226-228]. However, compatible
EVs, bidirectional chargers, certified interoperability protocols, and
commercial service frameworks remain limited, leaving the charging
ecosystem primarily unidirectional.

Fragmentation persists because rooftop PV, EV charging, distribution
planning, urban infrastructure, and electricity-market design are gov-
erned through separate institutions and state-level rules [229-231].
Many DISCOMs remain financially constrained and cautious about
reverse power flow, transformer overloading, feeder congestion, reve-
nue erosion, and settlement complexity. Smart-meter deployment and
time-of-use tariffs may improve coordination, but implementation re-
mains uneven and mature flexibility markets have not yet emerged
[232-234]. India’s urban form creates a structurally different SolarEV
pathway from Australia, Europe, and North America. A large share of
urban residents live in apartments, rental housing, informal settlements,
mixed-use buildings, and dense neighborhoods where private rooftops,
assigned parking, and dedicated EV charging points are often unavai-
lable. The detached-house PV+EV model is therefore less transferable,
while apartment charging requires collective approval, parking alloca-
tion, fire-safety compliance, metering, and cost-sharing arrangements.
India’s more plausible near-term pathway is shared and fleet-oriented
managed charging through workplaces, depots, community facilities,
battery-swapping stations, and aggregated commercial vehicles.

The economic and behavioral barriers are also significant. Two- and
three-wheelers have relatively small batteries, limiting the export ca-
pacity available from each vehicle, while users are highly sensitive to
upfront costs, replacement risks, and warranty conditions. High-
temperature operation may further intensify concerns over battery
degradation [235-237]. Participation will require adequate
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compensation for battery use, battery-health guarantees, warranty
protection, cybersecurity safeguards, and clear control rights. The
commercial case also remains weak because aggregator licensing, mar-
ket access, taxation, export settlement, and ownership of exported
electricity remain unresolved [230,238].

Overall, India follows a shared- and fleet-oriented managed-charging
pathway. Its leading actors are state governments, DISCOMs, munici-
palities, fleet operators, and charging providers, while the principal
deployment units are buses, commercial vehicles, and high-utilization
three-wheelers. Broader household V2H or V2G is likely only after
metering, interoperability, warranty, compensation, and consumer-
protection frameworks are established. The central challenge is to
align low-cost solar charging with distribution-grid constraints under
conditions of dense urbanization and high affordability sensitivity.

4.2.5. Indonesia

Indonesia, a rapidly urbanizing archipelago, faces the dual challenge
of sustaining economic growth while achieving its Net Zero Emissions
2060 target under the National Energy Policy (Government Regulation
No. 40/2025). PV has become a cornerstone of this transition, with the
renewable energy share targeted to increase from 15.3% in 2024 to
70-72% by 2060 [239]. These targets are supported by PLN's
2025-2034 Power Supply Business Plan (RUPTL) and the Presidential
Solar Program, which targets 100 GW of solar PV, including an initial 30
GW deployment coupled with 98.8 GWh of battery energy storage sys-
tems (BESS) to improve system reliability and reduce fossil-fuel con-
sumption. Despite these ambitious national targets, rooftop PV
deployment remains limited and is primarily driven by industrial con-
sumers seeking lower electricity costs and corporate decarbonization.
Consequently, Indonesia currently follows a foundational-growth and
integration-by-design  pathway. While bidirectional charging
(V2H/V2G) offers considerable long-term potential to enhance rooftop
PV self-consumption, grid flexibility, resilience, and peak-load man-
agement, deployment remains limited to modeling studies, with no field
demonstrations [32,240,241].

The primary barriers lie not in technological feasibility but in the
lack of enabling socio-techno-economic conditions. Indonesia currently
lacks regulatory frameworks for bidirectional electricity transactions,
compensation mechanisms for exported electricity, interoperable
charging standards, commercially available bidirectional chargers, and
distribution-grid readiness for reverse power flow. Consumer accep-
tance and battery warranty concerns further limit deployment. Conse-
quently, near-term priorities should focus on pilot-scale demonstrations
integrating rooftop PV, EVs, and bidirectional charging to establish
technical feasibility, regulatory frameworks, and viable business models
before large-scale commercialization. Indonesia has substantial long-
term potential for SolarEV City development because of its ambitious
PV targets, growing EV market, and strong government commitment to
decarbonization. However, realizing this potential will require coordi-
nated advances in regulation, grid modernization, bidirectional
charging infrastructure, and demonstration projects.

4.2.6. Japan

Japan combines a 2050 carbon-neutrality commitment with a
comparatively cautious approach to vehicle electrification. The 2035
target is for 100% of new passenger-car sales to be “electrified”, but this
definition includes hybrid electric vehicles (HEVs) as well as BEVs,
PHEVSs, and fuel-cell vehicles [242]. This technology-neutral policy has
sustained strong hybrid markets while reducing pressure for rapid BEV
adoption; in 2024, BEVs still represented only about 1.6% of new-car
sales [166]. The government nevertheless aims to expand public
charging to 300,000 connectors by 2030, including 30,000 high-power
fast chargers [166]. In 2025, renewables supplied 26.1% of electricity,
nuclear 9.4%, and thermal generation 64.5% [243]. The Seventh Stra-
tegic Energy Plan targets a renewable share of 40-50% by FY2040,
increasing the value of distributed flexibility and coordinated charging
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[244].

Rooftop PV is especially relevant because Japan has limited flat land,
dense settlement, and growing constraints on large ground-mounted
projects. Grid-connected PV capacity had reached approximately 100
GW by 2025, including an estimated 30 GW of cumulative rooftop PV
[245,246]. Modeling indicates that extensive rooftop PV combined with
EV batteries could achieve average municipal self-sufficiency of about
85% under a high-deployment scenario [15]. Dense urban cores have
limited roof and parking space, whereas detached-house suburbs and
regional cities have larger roofs, higher vehicle ownership, and more
home parking. These areas are therefore the principal deployment lo-
cations for residential PV, home charging, and V2H, and could eventu-
ally be aggregated to support nearby urban demand centers [56].

Japan is a global pioneer in commercial bidirectional charging. After
the 2011 Great East Japan Earthquake and Fukushima accident, disaster
resilience became a central household and municipal value proposition.
CHAdeMO-based V2H systems were commercialized by firms including
Nichicon, Honda, OMRON, and Sharp, supporting PV self-consumption,
time shifting, and backup power (e.g., [247]). Earlier projects by Nissan,
Toyota Tsusho, Chubu Electric Power, and other partners demonstrated
renewable balancing, frequency response, voltage management, and
multi-vehicle aggregation [248,249].

A representative 2025 Tokyo demonstration involving Mitsubishi
Motors, MC Retail Energy, Nichicon, Kaluza, and Kaluza Japan linked
household travel preferences, vehicle state of charge, bidirectional
chargers, cloud control, and 30-minute wholesale-price signals [250]. It
moved beyond emergency backup by testing automated
price-responsive charging and discharging in ordinary households. The
project also revealed the practical requirements for broader deployment:
reliable multi-company application programming interface (API) con-
nections, user-defined mobility constraints, accurate settlement, and
clear allocation of responsibility when vehicles, chargers, or communi-
cation links fail.

Japan’s defining integration gap is the coexistence of mature
household V2H technology with slow BEV uptake and limited V2G
commercialization. Japan’s successful HEV pathway, broad hybrid
model availability, and the inclusion of HEVs in the 2035 target allow
automakers and consumers to delay a full BEV transition [242]. This
path dependence has been reinforced by Toyota’s market dominance
and cautious multi-pathway strategy, reflecting its strength in hybrid
technology and concerns that a rapid BEV transition could erode
engine-related capabilities, disrupt suppliers, and threaten employment
in Japan’s automotive industry, which employs 5.5 million workers
[249-251]. Extensive urban rail reduces car dependence in major cities,
while many apartment residents lack assigned parking or authority to
install chargers. In suburban and rural regions, long travel distances,
population aging, and concerns about charger availability can continue
to favor HEVs or PHEVs. Moreover, V2H and V2G face fundamentally
different commercialization conditions. V2H operates as a
behind-the-meter appliance whose value derives mainly from resilience
and retail-price savings, whereas V2G requires grid approval, accurate
metering, aggregation, dispatch compliance, settlement, cybersecurity,
and allocation of battery-degradation and mobility risks. This difference
explains why technically mature V2H has not automatically produced a
scalable V2G market.

Japan’s near-term pathway is therefore likely to be staged: smart
V1G charging aligned with midday PV, continued V2H deployment in
detached homes, V2B for fleets and public facilities, and only then
broader V2G participation. CHAdeMO provides an installed bidirec-
tional base, but coexistence with ISO 15118-20, vendor-specific cloud
interfaces, charger certification, and home-energy-management systems
(HEMS) still limits seamless aggregation across different vehicles and
charging systems. Battery degradation, warranty and resale-value con-
cerns, and high bidirectional-charger costs further weaken the business
case. Equity is also important because households best positioned to
adopt PV, EVs, and V2H are generally affluent owner-occupiers with off-
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street parking.

Overall, Japan follows a residential V2H pathway centered on
resilience and PV self-consumption. Automakers, V2H equipment
manufacturers, government agencies, utilities, and electricity retailers
are the principal actors, while detached homes remain the main
deployment unit. Priorities should include shared charging in apart-
ments, sub-meter-based settlement, interoperable APIs, battery-health
guarantees, and the use of schools, community centers, and municipal
buildings as local resilience hubs. The central challenge for 2030-2040 is
to convert mature household V2H technology into an open, scalable, and
inclusive distributed-flexibility system.

4.2.7. Netherlands

The Netherlands combines exceptionally high distributed-PV pene-
tration with rapid transport electrification. Solar generation reached
25.5 TWh, or 21.1% of gross electricity production, in 2025, while
installed PV capacity increased from about 1 GW in 2014 to approxi-
mately 28.8 GW [252]. At roughly 1.6 kW per inhabitant in 2025, Dutch
PV capacity was the highest in Europe; approximately 2.8 million resi-
dential systems, about one-third of homes, accounted for around 40% of
national PV capacity by 2024 [253,254]. By the end of 2025, the
passenger-car fleet included about 1.2 million plug-in vehicles: 680,000
battery-electric vehicles and 520,000 plug-in hybrids, equal to 12.9% of
the fleet, while plug-ins represented approximately 61% of new regis-
trations [255]. The phase-out of net metering increases the value of
locally consuming rooftop generation through managed EV charging,
V2H/V2B, or stationary storage [256]. EV batteries can provide intraday
and short duration balancing but cannot eliminate the strong seasonal
mismatch between summer PV surpluses and winter demand; wider
system flexibility therefore remains necessary [119].

SolarEV integration is advancing through two complementary ar-
chitectures. TU Delft and Power Research Electronics developed a 10-
kW integrated offboard direct-current charger that links the PV con-
verter and bidirectional EV charger through a common DC bus and
supports PV-to-EV, EV-to-grid, grid-to-EV, and PV-to-grid operation
[257]. DC coupling reduces conversion stages and allows the PV array,
EV battery, grid inverter, and optional stationary battery to operate as
an integrated local energy system (Fig. 6) [257,258]. A second pathway
uses bidirectional onboard AC power electronics and compatible public
charge points but depends more heavily on interoperable
vehicle-charger-backend communication and grid-code compliance
[259,260].

Utrecht demonstrates how this technology can be converted into an
urban service rather than remaining an isolated pilot. Earlier trials used
specially configured Renault Zoe and Hyundai Ioniq 5 vehicles to store
locally generated solar electricity and return it to buildings or the grid
[259]. In 2025, Renault Group, We Drive Solar, MyWheels, and the City
of Utrecht launched a shared fleet of 50 bidirectional Renault 5 E-Tech
electric vehicles, with a stated ambition of 500 vehicles and up to
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approximately 25 MWh of aggregated battery capacity [261]. The
shared-fleet model increases vehicle availability and operational pre-
dictability while reducing the enrolment, warranty, transaction-cost,
and mobility-risk problems associated with privately owned vehicles
[259,261]. Its business structure links the municipality, Renault,
car-sharing operator MyWheels, energy-management provider We Drive
Solar, charging-infrastructure providers, and distribution system oper-
ator (DSO) Stedin within one coordinated implementation ecosystem
[261,262]. Private-owner trials launched with Vattenfall and We Drive
Solar in 2026 are also testing whether charging benefits sufficiently
compensate households for providing battery flexibility [261].

Overall, the Netherlands follows an urban shared-mobility and
public-charging V2G pathway. Regulation and open communication
standards create the foundation, while grid congestion, dynamic prices,
municipal experimentation, and multi-actor coordination generate the
operational value [260-263]. Urban form further favors collective
rather than household-only integration. Dense apartment districts often
lack private roofs, assigned parking, and dedicated chargers, whereas
low-density suburbs have more rooftop PV and parked vehicles. Public
bidirectional charging and shared fleets can therefore connect urban
residents without driveways to locally generated renewable electricity
and flexibility services [259-261]. Scaling still requires transparent
remuneration, guaranteed mobility, simple enrolment, battery-warranty
protection, cybersecurity, and equitable access for renters and apart-
ment residents.

V2G is also entering long-term grid planning. TenneT, the Dutch
transmission system operator, projects that Dutch PV and wind capacity
could reach approximately 46-65 GW and 75-123 GW, respectively, by
2040, requiring roughly 91-148 GW of system flexibility, including
1.5-3.1 GW from V2G [264]. Although the theoretical storage and
power capacity of a fully electrified car fleet would be very large, only a
fraction of vehicles would be connected, available, and contractually
dispatchable at any time [263,264]. Even partial participation could
absorb local PV surpluses, reduce peak demand, support congestion
management, and defer selected network reinforcement. The central
challenge is therefore to move from successful city-scale demonstrations
to interoperable and financially durable deployment across public
chargers, shared fleets, and private vehicles. Priorities are harmonized
certification and grid codes, stable aggregator and consumer-revenue
models, battery and mobility guarantees, and inclusive access to bidi-
rectional charging [260,261,263,264].

4.2.8. South Korea

South Korea pursues a state-coordinated decarbonization strategy
anchored by its 2050 carbon-neutrality commitment and the 11th Basic
Plan for Long-term Electricity Supply and Demand (11th BPLE, 2025).
The plan targets 121.9 GW of renewable capacity and a renewable share
of 32.9% by 2038, and carbon-free generation, including nuclear power,

of 70.7% [265,266]. Yet the 2024 electricity mix remained
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Fig. 6. (a) A 10 kW integrated DC offboard SolarEV charger functioning as both a solar inverter and a V2G charger; (b) an extended architecture incorporating a local

stationary battery when an EV is unavailable.
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fossil-intensive, with coal supplying 30.5%, gas 28.5%, nuclear 30.2%,
and renewables only 9.7% [267]. Cumulative PV reached roughly 32
GW by the end of 2024, but deployment remains predominantly
utility-scale. Large generation businesses account for ~86% of installed
capacity, whereas residential rooftop PV contributes only ~2.5 GW, or
~8% [268,269]. This creates a spatial mismatch between solar gener-
ation concentrated in the southwest and electricity demand concen-
trated in dense metropolitan areas.

Transport electrification is progressing more rapidly. Cumulative EV
registrations exceeded one million in April 2026, while the EV share of
new-car sales increased from 9.2% in 2023 to 13.0% in 2025 and 20.1%
in the first quarter of 2026 [270]. Charging provision is among the
densest internationally, with approximately 405,000 chargers installed
by January 2025, equivalent to about 1.7 EVs per charger [271].
Commercial V2L functions offered by Hyundai and Kia vehicles also
provide South Korea with an important technical foundation for
expanding toward V2H and V2G. Urban structure strongly shapes the
country’s integration pathway. Approximately 92.1% of the registered
population lived in designated urban areas in 2024, and 53.9% of
households resided in apartments [272,273]. Consequently, the prin-
cipal deployment unit is not the detached household but the apartment
complex, shared parking facility, urban charging hub, or coordinated
district energy system.

Integration is led by vertically integrated domestic conglomerates
operating within national and utility programs. Hyundai Motor Group
launched South Korea’s first V2G pilot on Jeju Island in late 2025 using
Kia EV9 and Hyundai IONIQ 9 vehicles to absorb renewable-electricity
oversupply. Korea Electric Power Corporation (KEPCO) manages
distribution-grid integration, while Jeju Province provides regulatory
support, with deployment planned after the pilot [274]. Related dem-
onstrations include Jeju’s Carbon-Free Island program, Busan Eco Delta
City, and Seoul’s Solar City and charging-infrastructure initiatives
[275]. These projects illustrate a pathway in which automakers supply
V2X-capable vehicles, while KEPCO and local governments coordinate
grid access and deployment. The institutional basis for distributed
flexibility was strengthened by the Special Act on the Promotion of
Distributed Energy, enacted June 2023 and effective from June 2024.
The Act introduces grid-impact assessments and requirements for
distributed-energy facilities in large developments and supports VPP
and demand-response aggregation [276]. However, V2G remains
pre-commercial and V2H largely demonstrative. Although CCS-based
charging is widely deployed, ISO 15118 communication, bidirectional
certification, and cross-operator interoperability remain incomplete
[277].

Fragmentation persists primarily because of structural rather than
hardware constraints. An apartment building requires collective de-
cisions about charging facilities, electrical upgrades, rooftop use, safety,
metering, and cost allocation. Regulations require EV chargers in at least
5% of parking spaces in new apartment complexes and 2% in existing
complexes with at least 100 units, but shared underground parking still
limits direct household-level V2H [272,273,278]. The apartment com-
plex must therefore operate as the energy-management unit, requiring
coordination among residents, building managers, charging operators,
automakers, and KEPCO. Distribution grid and market conditions create
additional barriers. Jeju already experiences renewable curtailment,
demonstrating the value of flexible EV charging but also the limitations
of a centralized grid designed for one-way power flows [274]. Regulated
retail tariffs and KEPCO’s dominant position weaken time-of-use and
export price signals needed for V2G revenues, while KEPCO’s financial
constraints may delay distribution-system modernization. Battery-fire
concerns are especially important in underground apartment parking
and increase the need for stringent safety, monitoring, liability, and
emergency-response standards [279].

Overall, South Korea follows an automaker-led and apartment-
oriented V2X pathway. Hyundai-Kia, KEPCO, central and local govern-
ments, battery manufacturers, and charging-technology providers are
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leading actors. Its near-term sequence is likely to progress from com-
mercial V2L to apartment-level managed charging and V2H, followed by
utility-coordinated V2G and VPP aggregation. The most credible appli-
cations are shared apartment V2X hubs, community chargers, building-
integrated PV, district-level VPPs, and island energy systems. The June
2025 Zero-Energy Building requirement for new apartments may pro-
vide an additional basis for combining building energy management,
PV, and EV charging [280]. The central challenge is to convert South
Korea’s strong automotive and battery industries into interoperable,
financially viable, and safely operated apartment-scale flexibility
systems.

4.2.9. United States

The United States energy transition is shaped by fragmented gover-
nance across federal policies, diverse state-level mandates, and signifi-
cant market forces. Rooftop PV capacity grew from 7.3 GW in 2014 to 44
GW in June 2023, constituting roughly one-third of total national solar
capacity [281]. This growth was substantially driven by federal in-
centives, state-level programs, net metering, and household cost savings
[282-284]. EVs accounted for 7.8% of new sales in 2025, although their
share of the total vehicle fleet remained only about 1.7% [285]. Adop-
tion continues to face cost, charging-time, and infrastructure barriers
[286], while approximately 170,000 public charging ports were avail-
able in 2023 [287]. Electricity generation remains heavily reliant on
fossil fuels. Approximately 60% of utility-scale electricity generation
comes from coal, natural gas, and petroleum, while 19% comes from
nuclear and 21% from renewable sources, including 3.9% from solar PV
[288]. Consequently, the emissions benefits of EV charging vary
regionally, although the increasing penetration of solar and other re-
newables strengthens the value of managed charging and bidirectional
operation.

The dominant national pathway combines manufacturer-specific
residential backup with fleet-oriented V2G. Automakers such as Ford
and Kia market bidirectional-capable vehicles primarily as household
backup-power systems. These behind-the-meter applications are easier
to commercialize because they can operate through private vehicles,
chargers, transfer equipment, and home energy systems. By contrast,
grid-exporting V2G requires utility interconnection, metering, aggre-
gation, dispatch, compensation, and market participation. It therefore
remains concentrated in pilots, including residential trials using Ford F-
150 Lightning vehicles and school-bus V2G programs [289,290]. Cali-
fornia provides the clearest example of how state policy can partially
overcome national fragmentation. Its pathway has combined technology
deployment, entrepreneurial firms, fuel and vehicle regulation,
rooftop-solar policy, and long-term market targets. Early experimenta-
tion ranged from General Motors’ EV1 program to the California Cars
Initiative’s plug-in Prius conversions. The Low-Carbon Fuel Standard
subsequently established a technology-neutral framework for reducing
the life-cycle carbon intensity of transport fuels, allowing electricity to
compete with petroleum and biofuels [291,292]. The 2006 Million Solar
Roofs initiative expanded distributed PV and improved the attractive-
ness of home EV charging, while the state’s early million-EV target
connected transport electrification with wider clean-energy policy [293,
294].

By 2025, California had surpassed 2.5 million cumulative Zero
Emission Vehicle (ZEV) sales, more than three times its total at the end
of 2019 [295]. A state assessment reported more than 216,000 chargers
by May 2026, exceeding the number of gasoline-station nozzles, and that
approximately one-fifth of new-vehicle sales were fossil-fuel-free. Ex-
ecutive Order N-79-20 further established a goal that all new passenger
vehicles sold from 2035 be zero-emission. Together, these measures
illustrate how a state-level policy sequence can create a reinforcing
solar-EV innovation ecosystem. However, California’s success in scaling
PV and EV adoption has not yet produced universal SolarEV integration.
Its policies primarily accelerated the two technologies in parallel;
interoperable V2H/V2G services, equitable charging access, distribution
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network coordination, and durable compensation for exported elec-
tricity remain incomplete. California therefore represents both the
strongest state-level innovation pathway and the limitations of relying
on individual states to compensate for the absence of a coherent national
system.

The principal national barrier is fragmentation across more than
3,000 utilities, state regulators, electricity markets, building codes,
permitting authorities, automakers, and charging providers. Intercon-
nection and export rules vary by jurisdiction, while implementation of
ISO 15118 and SAE J3072 remains uneven. Manufacturer-specific ve-
hicles, chargers, and home-integration equipment also limit cross-brand
interoperability. In some regions, concentrated charging may exceed
local feeder or transformer capacity unless charging is managed or
networks are reinforced [296]. Urban form and equity further divide the
market. Detached-home owners with garages are best positioned to
install rooftop PV, home chargers, and proprietary backup systems,
whereas renters and apartment residents depend on public, workplace,
curbside, or shared charging. Differences in state incentives, permitting,
inspections, utility procedures, and public-charging provision therefore
reinforce geographic and income disparities.

Overall, the United States follows a manufacturer-specific residen-
tial-backup pathway alongside fleet V2G. Detached homes, electric
pickup trucks, school buses, and commercial fleets are the principal
deployment units, while automakers, utilities, state regulators, fleet
operators, and charging-system providers are the leading actors. The
near-term pathway is likely to progress through private V2H systems
and controllable fleet depots before broader multi-manufacturer V2G
becomes viable. The central challenge is to translate innovation in
leading states such as California into interoperable national rules, broad
charging access, utility-scale aggregation, and reliable compensation for
distributed flexibility.

Across the nine countries, high rooftop-PV or EV penetration alone
does not ensure their integration. Progress depends on aligning an
appropriate deployment unit—household, district, fleet, or shared-
mobility system—with interoperable technology, viable compensation,
coordinated governance, and inclusive access. These patterns provide
the basis for the five transition archetypes presented in Section 4.3.

4.3. Emerging transition-pathway archetypes and implications

The comparison of nine countries shows that SolarEV City develop-
ment is not converging toward a single model. Instead, distinct
transition-pathway archetypes emerge, shaped by national energy sys-
tems, urban form, industrial capacity, charging standards, electricity-
market design, and policy priorities (Table 5). The five archetypes
group countries with similar combinations of four classification char-
acteristics: dominant coordination mechanism, principal deployment
unit, current integration maturity, and main transition bottleneck. They
are heuristic and non-exclusive rather than fixed country labels, and
individual countries may exhibit secondary characteristics of other

Table 5
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archetypes. Because the sample is purposive rather than statistically
representative, these archetypes should be treated as transferable
analytical lenses rather than an exhaustive global taxonomy. Their
application beyond the nine cases requires validation and adaptation to
local climatic, urban, market, and institutional conditions. The arche-
types identify what each system has already developed, what remains
misaligned, and where the next stage of policy and market design should
focus.

1. The Resilience-Driven V2H Pioneer (Japan): This pathway pri-
oritizes disaster preparedness and energy security at the household
level. These priorities stimulated early, coordinated government-
industry action to standardize and commercialize V2H technology
[297], resulting in the world’s most mature V2H market. However,
this success in household resilience has not translated proportionally
into systemic grid integration (V2G), which lags due to regulatory,
market-access, and compensation barriers [15]. The next step is to
expand from household backup power toward aggregated grid ser-
vices while preserving the resilience value that enabled early
adoption.

2. Market-Led, Decentralized Integration Pathway (U.S.,
Australia): This pathway combines dynamic, bottom-up innovation,
often from automakers and tech startups, with strong consumer-led
demand, including high rooftop-PV uptake in Australia [170].
However, progress toward systemic integration is uneven because of
fragmentation in the policy and regulatory landscape, a lack of na-
tional coordination, a complex multi-utility environment (especially
in the U.S.), and delays in the adoption of key technical standards
[183]. The next step is to convert private innovation and
household-level investment into interoperable aggregation, stable
compensation, and feeder-aware coordination.

3. Strategically Coordinated Industrial Pathway (China, South
Korea): In this model, V2G integration is explicitly incorporated into
national industrial and energy strategies, driven by strong central
government direction [148] or championed by major domestic cor-
porations aligned with national goals [266]. Development often
proceeds through large-scale, state-sanctioned pilot projects, such as
Busan Eco Delta City, but may be slowed by standard-setting pro-
cesses, including GB/T development in China, and incomplete mar-
ket design. The next step is to translate strategic pilots and industrial
capability into replicable business models, open interfaces, and
routine distribution-grid operation.

4. Regulation-Enabled Early Integrator (France, Netherlands): This
archetype is defined by proactive, coherent, and often national-level
regulatory frameworks that create a stable and predictable envi-
ronment for investment. Smart-meter rollouts, streamlined distri-
bution system operator (DSO) structures, and “living lab”
experimentation, as seen in Dutch V2G demonstrations [257], sup-
port a smoother transition from pilot projects to early commercial
V2G service deployment. The next step is to scale early commercial

SolarEV City development archetypes. Maturity classifications distinguish technical availability and interoperability from operational integration through aggregation,
dispatch, settlement, compensation, and market participation. “Commercial” therefore does not imply nationwide availability, cross-manufacturer compatibility,

routine market participation, or durable net profitability.

Archetype Countries Primary strength

Current maturity Main transition task

Resilience-Driven V2H Pioneer Japan
resilience value
Market-Led, Decentralized
Integration Pathway
Strategically Coordinated

U.S., Australia
and high DER potential
China, South

Industrial Pathway Korea demonstration capacity
Regulation-Enabled Early France, Coherent regulation, smart metering, and
Integrator Netherlands early market integration
Foundational Growth and India, High future demand growth and

Integration-by-Design Pathway Indonesia

Commercial household V2H and disaster-
Private innovation, consumer demand,

Industrial strategy and large-scale

opportunity to design integration early

Commercial V2H; limited ~ Expand from household backup to aggregated
V2G grid services

Pilots and early Create interoperability, stable compensation,
commercial applications and feeder-aware aggregation

Strategic pilots Convert pilots into open, replicable market and
grid-operation models

Scale interoperable services while preserving
affordability and grid compatibility

Build PV, EV, grid-data, and managed-charging
foundations before large-scale V2G

Early commercial V2G

Nascent
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models while maintaining interoperability, and
distribution-grid compatibility.

5. Foundational Growth and Integration-by-Design Pathway
(India, Indonesia): These countries have substantial future poten-
tial but significant foundational barriers across the socio-techno-
economic system. In these countries, the primary policy focus re-
mains on individually accelerating the basic adoption of rooftop PV
and EVs. Systemic integration through V2G is acknowledged as a
long-term objective but is contingent on major grid modernization
and policy development. Their advantage is that SolarEV integration
can be designed into the expansion of PV, EVs, charging infrastruc-
ture, and distribution planning from an early stage. The near-term
priority is therefore managed charging, affordable rooftop PV and
EV deployment, distribution-grid data, and city-scale pilot projects
before widespread bidirectional operation.

affordability,

These archetypes confirm that no one-size-fits-all pathway exists;
strategies must reflect local institutional and technical contexts rather
than import models wholesale from other regions. At the same time, the
archetypes reveal a common direction: all countries must eventually
connect rooftop PV, EV charging, distribution-grid operation, market
compensation, and social inclusion into a coherent urban energy system.

5. Discussion

5.1. Implications for socio-techno-economic transitions toward SolarEV
Cities

The findings show that SolarEV City development is a system-
reconfiguration process rather than a matter of deploying additional
PV systems, EVs, and bidirectional chargers. The multi-level perspective
explains such transitions through interactions among niche innovations,
incumbent regimes, and wider landscape pressures [53]. Rooftop PV and
EVs have expanded rapidly as separate niches without fundamentally
changing the institutional separation among electricity, mobility,
buildings, and urban planning. The persistent PV-EV integration gap
therefore reflects weak coordination across the six dimensions examined
in this review, climate, urban structure, technology, economics, policy,
and society, rather than the immaturity of any single component. Across
the country cases, technical capability frequently advances faster than
operational integration, leaving compatible assets unable to participate
routinely in grid and market operations. Such a transition requires these
technologies to become embedded in mutually supportive in-
frastructures, markets, regulations, and user practices [55].

Climate and urban structure establish the physical and spatial con-
ditions within which this transition occurs. Climate shapes PV genera-
tion, heating and cooling demand, and seasonal demand-supply
matching, meaning that the same technical configuration can produce
substantially different outcomes across locations (Figs. 3 and 4). Urban
structure determines rooftop availability, demand density, vehicle
ownership, parking access, building use, and the spatial distribution of
electricity surpluses and deficits [56]. Dense urban centers may conse-
quently depend on surrounding suburban or regional resources rather
than achieving self-sufficiency within their administrative boundaries.
In the Paris region, expanding the system boundary from the urban core
to the surrounding metropolitan area substantially improves modeled
self-sufficiency [36]. SolarEV City planning should therefore identify the
appropriate operational scale, building, neighborhood, feeder, munici-
pality, or metropolitan region, according to local climatic and urban
conditions.

Technology, economics, policy, and society determine whether this
physical potential can be converted into a functioning and legitimate
urban-energy system. Technologically, the central challenge is interop-
erability across vehicles, chargers, communication platforms, inverters,
and distribution networks rather than the absence of individual com-
ponents [298]. Economically, distributed flexibility must be translated
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into reliable value through aggregation, market access, metering, set-
tlement, compensation, and transparent benefit allocation. Peer-to-peer
trading provides one possible mechanism for increasing the value of
distributed energy resources [129]. Policy must overcome the institu-
tional separation among electricity, transport, buildings, and land-use
governance that currently constrains integrated implementation
[299]. Social acceptance depends on protecting mobility, battery health,
privacy, and user control [94]. Equitable participation also requires al-
ternatives to ownership-centered models that primarily benefit house-
holds with capital, private rooftops, and off-street parking [160].

The national pathways show that SolarEV City transitions can
emerge from different institutional strengths. Japan has advanced
through resilience-oriented household V2H [297], while Australia can
build on widespread consumer-owned rooftop PV [170]. France dem-
onstrates a commercially bundled V2G pathway [213], whereas Utrecht
shows how municipal coordination and shared mobility can establish
V2G as an urban service [262]. China illustrates a centrally coordinated
pathway based on national vehicle-grid interaction pilots [197]. South
Korea follows a more automaker-led industrial pathway [274]. India has
opportunities to incorporate managed charging into expanding mobility
and electricity systems [226], while Indonesia must progress from
modeling evidence toward integrated field implementation [240].
Despite these different starting points, all pathways require alignment
across the six dimensions.

Together, these findings provide an integrated response to the
questions posed in the Introduction. Climate and urban form establish
the physical potential and appropriate spatial scale for rooftop PV-EV
integration, while interoperability, distribution-network coordination,
viable value sharing, integrated governance, and inclusive access
determine whether this potential becomes operational. The principal
integration gaps therefore occur not within individual technologies but
at the interfaces among vehicles, chargers, networks, markets, in-
stitutions, and users. Beyond reducing emissions, their coordination can
strengthen urban resilience, expand participation in energy systems, and
distribute benefits more widely, provided that renters, apartment resi-
dents, shared fleets, and underserved communities are included.

The comparative pathways further show that scaling is constrained
by path dependence in charging standards, electricity-market design,
utility regulation, housing form, industrial organization, and established
institutional roles. Although the five transition archetypes begin from
different strengths, they converge on a common need for interoperable
aggregation, durable compensation, distribution-network coordination,
and social legitimacy. Research and policy should therefore prioritize
local behavioral and network data, multi-year evidence of actor-level
value, battery and consumer protections, high-density demonstrations,
interoperable certification, and integrated energy-transport-urban
governance.

5.2. Vision-led transition management and staged implementation

The transition from isolated demonstrations to scalable SolarEV
Cities requires a shared long-term vision and staged implementation.
Transition management emphasizes vision formation, experimentation,
evaluation, and iterative adjustment rather than following a pre-
determined technological pathway [300]. Implementation should begin
with a local diagnosis of climate, urban form, rooftop availability,
electricity demand, vehicle use, parking access, and distribution-grid
conditions. The expected benefits, costs, and risks should then be
assessed separately for households, EV owners, utilities, municipalities,
aggregators, and other participating actors. Because a project can create
positive system-wide value while remaining unattractive to the actor
expected to invest or provide flexibility, this assessment should be fol-
lowed by explicit benefit-sharing and cost-allocation arrangements.
These may include dynamic tariffs, smart-charging payments, resilience
contracts, flexibility-market revenues, and bundled
housing-mobility-energy services, while protecting mobility needs,
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battery warranties, privacy, and equitable access.

Because transition responsibilities and capabilities are distributed
among multiple actors, the next stage should establish a multi-
stakeholder implementation platform involving municipalities, utili-
ties, automakers, charging providers, aggregators, building owners, re-
searchers, and communities [301]. This platform should conduct
integrated demonstrations that test not only PV, EV, and charging
equipment, but also grid operation, market rules, data governance, user
participation, compensation, and institutional responsibility. Strategic
niche management indicates that protected experiments contribute to
transitions only when they create shared expectations, transferable
learning, and durable actor networks [302]. Demonstrations should
therefore compare unmanaged charging, V1G, V2H/V2B, and V2G
under the same local conditions and evaluate technical performance,
economic viability, battery effects, reliability, user acceptance, and
distributional outcomes. Successful arrangements should subsequently
be converted into interoperable standards, contractual templates,
planning methods, evaluation protocols, and replicable business models.
This staged process allows local experiments to develop into
self-sustaining and regionally scalable SolarEV City systems rather than
remaining subsidy-dependent pilot projects.

5.3. International coordination, interoperability, and transferable
learning

Because vehicle platforms, charging equipment, communication
systems, and supply chains operate across national borders, scaling
SolarEV Cities requires international coordination. The immediate
objective should be functional interoperability rather than the adoption
of a single physical connector worldwide. CHAdeMO provides estab-
lished operational experience in commercial DC bidirectional charging
and household V2H [96]. ISO 15118-20 provides an expanding
communication framework for bidirectional power transfer, secure
authentication, and advanced energy-management functions [97].
China’s GB/T-ChaoJi ecosystem represents another major pathway for
high-power and bidirectional charging [98]. NACS/SAE J3400 is simi-
larly emerging as an important physical interface in North America [99].
These ecosystems should align around common operational re-
quirements for authorization, state-of-charge exchange, power limits,
metering, grid-support functions, cybersecurity, and settlement. Secure
device authentication and clearly allocated operational responsibilities
are particularly important when vehicles from different manufacturers
are aggregated at scale [100]. International coordination should also
establish minimum principles for data minimization, informed consent,
and user control over mobility and household information [101].

International cooperation should improve the comparability and
transferability of evidence from demonstration projects. Common
reporting protocols should document actual vehicle availability, deliv-
ered energy and power, battery impacts, customer retention, grid ser-
vices, public expenditure, and the distribution of costs and benefits. The
country cases provide complementary lessons on resilience-led adop-
tion, commercial service integration, municipal coordination,
industrial-scale experimentation, and integration-by-design, but these
lessons must be adapted to local institutional and urban conditions.
Transferable learning does not mean copying a successful national
model unchanged. Climate, urban form, housing tenure, mobility pat-
terns, electricity prices, grid governance, and institutional capacity
determine which transition sequence is feasible in each city. Interna-
tional platforms should therefore transfer design principles, evaluation
methods, open modeling tools, and implementation experience while
allowing local actors to adapt system configurations and business
models. By reducing technological fragmentation, standardizing evi-
dence, and transferring adaptable design principles, international co-
ordination can accelerate SolarEV City development.
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6. Conclusion

The SolarEV City Concept offers a technically feasible and potentially
transformative pathway for deep urban decarbonization by integrating
rooftop PV with EV fleets as distributed mobile storage. However, the
rapid but largely parallel growth of PV and EV markets has not yet
produced systemic integration. This review shows that the principal
barriers lie at the interfaces among technologies, distribution grids,
markets, institutions, urban structures, and users, rather than in the
availability of the individual technologies. The comparison of nine
countries shows that transition pathways are strongly context-
dependent, ranging from Japan’s resilience-driven V2H pathway to
regulation-enabled commercial V2G pathways in France and the
Netherlands. Nevertheless, all pathways face a common challenge:
aligning climate- and place-specific system design with interoperable
technologies, viable value-sharing mechanisms, integrated governance,
and inclusive participation. Increasing PV and EV deployment alone will
therefore not create SolarEV Cities. Realizing SolarEV Cities requires
shared urban-energy visions, feeder-aware planning, coordinated dem-
onstrations, supportive market and regulatory frameworks, and imple-
mentation platforms linking governments, utilities, automakers,
aggregators, municipalities, building owners, and communities. Treat-
ing PV-EV integration as a socio-techno-economic transition rather than
as a collection of separate technologies can translate rapid technological
progress into scalable, resilient, equitable, and deeply decarbonized
urban-energy systems.
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